BIRLA CENTRAL LIBRARY 
PI LAN I ( RAJASTHAN ) 

Call No. 


4 V 



Accession No, 




APPLIED 

THERMODYNAMICS 


A TEXT-BOOK COVERING THE SYLLABUSES OF 
THE B.Sc. (Eng.), Inst.C.E., AND I Mech.E. 
EXAMINATIONS IN THIS SUBJECT 


BY THE LATE 

WILLIAM ROBINSON, M.E. 

M KM It EH OF THE INSTITUTION OF CIVIL ENGINEERS 
MEMBER OF THE INSTITUTION OF ME< 1IASIUAL ENGINEERS 
tOKMEKI.Y EMERITUS PROFESSOR OF ENGINEERING AND TECHNOLOGY 
UNIVERSITY COLLEGE, NOTTINGHAM 


UK VISED BY 

JOHN M. DICKSON, B.Sc 

MEMBER OK THE INSTITUTION^ MECHANICAL ENGINEERS 
ASSOCIATE MEMBER. INSTITUTION OF MINING ENGINEERS 
HEAD OF SUD-DKIT. OF APPLIED THERMODYNAMICS 
UNIVERSITY OF NOTTINGHAM 


THIRD EDITION 



LONDON 

SIR ISAAC PITMAN & SONS, LTD. 



First edition 1927 
Reprinted 1932 
Reprinted 1935 
Second edition 1937 
Reprinted 1940 
Reprinted 1942 


Reprinted 1944 
Reprinted 1945 
Reprinted 1947 
Reprinted 1948 
Tk^fd edition 1954 


SIR ISA At' PITMAN A SONS, 4,tnT 
PITMAN Hot SK, PARKER STRRKT, KINGS* AY, LONDON, W.C.2 
THE PITMAN PRESS, BATH 

PITM AN HOUSE, UTTLE COLLINS STREET, MELBOURNE 
27 BECKETTS BUILDINGS, PRESIDENT STREET, JOHANNESBURO 

ASSOCIATED COMPANIES 
PITMAN PL RUSH I NO CORPORATION 
2 WEST 45TH STREET, NEW YORK 

SIR ISAAC PITMAN <V SONS (CANADA), Ltd. 

(INCORPORATING THE COMMERCIAL TEXT BOOK COMPANY) 
PITMAN HOUSE, 3S1-3S3 CHURCH STREET, TORONTO 


KADI IN GREAT BRITAIN AT THE PITMAN PRESS, HATH 

1S4—<T.6484) 



PREFACE TO THIRD EDITION 


While the main structure of the book remains the same, considerable 
revision has been effected. 

Thus the chapter on Air Compression has been modified to include 
applications to the gas turbine, while the elements of thermo¬ 
dynamics as applied to this latter subject are included in the chapter 
on Internal Combustion Engines. 

The subject matter of Refrigeration has been modernized and 
amplified, and a new chapter on First Principles of Heat Trans¬ 
mission has been added. 

Thanks are due to several authorities for permission to include 
extracts from their publications. These are acknowledged in 
footnotes in appropriate places. 

I am also indebted to the University of Nottingham for per¬ 
mission to include examples from examinations. 

Suggestions and corrections received from time to time are hereby 
acknowledged, and will be received with gratitude in the future. 

J. M. D. 

PREFACE TO SECOND EDITION 

In this edition the opportunity has been taken to include a number 
of improvements suggested by readers of the previous edition. 
Grateful thanks are duo to these gentlemen. 

The chapter on Internal Combustion Engines has been rewritten 
and additional chapters on the use of steam, and on engine testing 
have been added. 

No attempt has been made to include descriptive matter, as, 
apart from limitations of space, students have ample facilities in 
this direction offered by the technical press, and by the many 
admirable publications of engineering manufacturers. 


J. M. D. 



PREFACE TO FIRST EDITION 

The aim of this book is to aid engineering studonts and engineers 
studying heat engines and the scientific principles which condition 
their performance and thermal efficiency. The scope of the work 
is that indicated by the syllabus of Applied Thermodynamics for 
the B.Sc. degree (Engineering) Examination of the University of 
London, and includes a portion of the work suitable for engineers 
taking the examinations of the Institutions of Civil and 
Mechanical Engineers, as well as for the advanced National 
Diploma and Higher Certificate awarded jointly by the Mechanical 
Institution and the Board of Education. As a further guide, 
by the kind permission of the Senate of the University of London, 
and the University of London Press, Ltd., and of the Councils 
of the Institutions of Civil and Mechanical Engineers, questions 
have been selected from papers set at their recent examinations. 
However, experimental work and accurate measurements in the 
laboratory are all-important, and the engineering student must 
still keep in touch with modem practice and the rapid advances 
of research on the different branches of this subject. 

Experience in teaching has encouraged mo to endeavour by 
simple treatment from first principles to make the work useful as 
a text-book. A sketch, curve or diagram represents relations more 
clearly and is more easily understood by the averago student than 
a description or general symbols. Accordingly, at the outset, the 
laws of curves, indicators for tracing the diagrams of the pressure 
in tho engine cylinder, and a few measuring instruments, are briefly 
dealt with. 

Mr. J. M. Dickson, B.Sc., kindly collaborated with mo by writing 
the four chapters on the steam engine and steam turbines; and by 
drawing the temperature-entropy chart for water and steam. 

I have much pleasure in thanking Mr. William Reavell, 
of Ipswich, who very kindly supplied mo with data on air 
compressors ; and Mr. John L. Hodgson, B.Sc., with his assistant, 
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Mr. R. M. Maling, B.Sc., for data on the measurement of com¬ 
pressed air; and Mr. J. Bedford, B.Sc., for the preparation of 
some of the drawings. 

I am also indebted to Professor W. E. Dalby, Professor A. H. 
Gibson, Mr. Harry R. Ricardo, and other friends and firms who 
helped me with data, for which acknowledgment is made in 
the footnotes. 

Although care has been taken in correcting proofs and checking 
numerical examples, errors may remain, and I shall be grateful 
to the reader for any corrections. 

WILLIAM ROBINSON 
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CHAPTER I 

INTRODUCTORY 

A Heat Engine is a machine which converts heat into mechanical 
work. Heat is usually generated by the combustion of a fuel: 
either coal, oil, or gas. The heat, supplied to the working sub¬ 
stance at a high temperature, is reduced in temperature by expansion 
within the engine, and, in the process, part of the heat is converted 
into work and part rejected at a lower temperature. As the heat 
energy in the working substance is gradually changed into mechan¬ 
ical energy, the temperature falls, and the greater the temperature 
drop of the working substance within the engine, the larger will be 
the proportion of heat utilized or turned into work. 

In the reverse process, work is spent in driving a Refrigerating 
Machine or heat pump, which takes in heat from bodies at a low 
temperature and discharges heat at a higher temperature, generally 
by changes of state of the working substance. In this reversed 
heat engine, the smaller the difference between the high and low 
temperatures, the less work will bo required to extract a given 
quantity of heat from the cold body. The working substance may 
be air, or a mixture of liquid and vapour, and may change its state 
in various w r ays. 

Applied Thermodynamics deals with the relation of heat to 
mechanical work, and the various physical properties of the working 
substance. The working substances chiefly used in heat engines are 
fluids in the gaseous and liquid states : air and other gases or vapours 
in the internal combustion engine ; water vapour in the steam engine 
or turbine ; also ammonia and carbon dioxide, commonly called 
carbonic acid, mostly in refrigerating machines . 

Ideal Cycle o! Operations. In the action of a heat engine, when 
a given mass of the working substance receives heat at a high 
temperature, it undergoes a series of changes of pressure, volume, 
temperature and physical state, rejects some heat at a lower 
temperaturo, and is brought back to its initial state or condition in 
every respect. It has thus passed through a complete cycle of 
operations. 

Systems of Units. In order to reduce and compare the experi¬ 
mental results from various investigations and the results of modern 
practice, it is necessary to consider the different systems of units 
commonly adopted by engineers: (i) British—Foot-pound and 
Centigrade or Fahrenheit; (ii) Metric—Metre, kilogramme and 
Centigrade; and (iii) the C.G.S.—Centimetre-gramme-second system, 
universally adopted for scientific purposes, especially in Chemistry 
and Experimental Physics. 
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It is desir&blo for the engineering student to be familiar, at least, 
with the first two systems in order to compare the performance of 
engines given in either of them. Most British engineers still use 
the Foot-pound-Fahrenheit system, although modern research is 
expressed in values on the Centigrade scale, which is convenient for 
comparison with tho metric system. Thus quantities of heat are 
represented by the same figures when given either as lb-degree- 
Centigrade per lb., or kilo-calorie per kilogramme. 

The engineering Institutions of this country are making laudable 
efforts to promote international agreement on tho rating and 
performance of the various types of heat engines. 

UNITS OF MEASUREMENT 

Units of Length. One metre = 100 centimetres = 1,000 milli¬ 
metres = 39-3702 inches ; and ono-third of the standard yard 
= 1 foot = 0-3048 metre, or 1 inch == 2-54 centimetres. 

Units of Force. British engineers take the gravitational unit of 
force as the weight of the standard pound (1 lb.) avoirdupois of 
16 ounces ; and Continental engineers the weight of the inter¬ 
national standard kilogramme , which is equal to 2-20462 lb. ; or 
1 lb. = 0-4535924 kg. = 453 5924 grammes. 

W 

A body of weight W lb. has a mass rn — —, since force = mass 

X acceleration. The weight of a body means the force of attraction 
of the earth on tho mass of the body. The acceleration of gravity, 
g , is slightly less at the equator than towards the poles, and the 
weight of 1 lb. is greater in London than in New York by 1 part 
in 1,000. The intensity of gravity also varies along a given parallel 
of latitude, so that, for scientific precision, the locality should be 
given. American and Continental engineers generally take the 
acceleration of gravity at the sea-level in Lat. 45°, g = 980-665 
C.G.S. units. In London it is 98L16 C.G.S. or 32-19 ft. per sec. 
per sec. For nearly all engineering purposes, g = 32 2, and the 
difference is negligible. 

The C.G.S. unit of force is 1 dyne , or that force which, acting on 
a gramme mass for a second, gives it a velocity of a centimetre per 
second, i.e. unit acceleration. This absolute unit of force is inde¬ 
pendent of gravity, and is the same everywhere. 

The unit or measure of volume is the British legal* Imperial 
standard gallon, containing 10 lb. weight of distilled water at the 
temperature of 62° F. and barometer 30 inches. The Imperial 
gallon contains 8 pints , so that, in Great Britain, 1 pint of pure 
water weighs 1J lb. An American gallon of pure water weighs 
only 8-331 lb., thus 6 American gallons are nearly equal to 5 Imperial 

* See Weights and Measures Acts of 1878, 1889, 1892 and 1893 ; and 
Our Weights and Measures , by H. J. Chaney. 
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gallons. A standard oil barrel of 42 American gallons contains only 
35 British gallons. 

Specific Volume. One cu. metre per kg. = 16 0186 cu. ft. per lb. 

Pressure is the weight or force per unit of area, and is expressed 
in pounds weight per square inch and kilogrammes per square centi¬ 
metre : 1 lb. per sq. in. = 0 070307 kg. per sq. cm. (in London); or 
1 kg. per sq. cm. = 14*223 lb. per sq. in. 

The standard atmospheric pressure is that of a column of mercury 
760 mm. high at 0° C. in Lat. 45°, nearly 14*689 lb. per sq. in., or 
1 0327 kg. per sq. cm. (London), and is practically 30 in. of mercury 
column at 62° F. in London ; and 30 in. of mercury at 62° F. 
- 14-7 lb. per sq. in., so that 1 in. mercury column is equal to 
0*49 lb. per sq» in. Thus the barometer reading in inches multiplied 
by 0*49 gives the atmospheric pressure in lb. per sq. in. One cm. of 
mercury column = 0*1933 lb. per sq. in. = 0 01359 kg. per sq. cm. 
The absolute (C.G.S.) unit of pressure is 1 dyne per sq. cm., and 
1 atmosphere is 1 0133 X 10 6 dynes per sq.cm., which is independent 
of gravity. 

Absolute pressure , reckoned from zero, is obtained by adding 
the atmospheric pressure to the gauge or indicator pressure. 

The actual or absolute pressure in a condenser is found by sub¬ 
tracting the reading of the vacuum gauge from that of the barometer, 
both readings being usually expressed either in inches of mercury 
or pounds per square inch. 

The Bourdon pressure gauge is used to measure the pressure 
of steam in a boiler, also the pressure of air and steam in a 
condenser. 

Pressure gauges and indicator springs are tested or calibrated by 
comparison with a mercury column subjected to steam pressure at 
the same temperature as when in use ; or by balancing the pressure 
against a column of fluid of known vertical height and specific 
gravity. Also, in the dead weight tester , a standard weight acts on 
a piston of hardened steel, accurately fitting into a steel cylinder, 
and pressing on oil, the free surface of which is acted on by the 
pressure to be measured. This tester has been developed by the 
National Physical Laboratory. The piston and cylinder can be 
changed, so that a comparatively small weight is used, even at 
the highest pressures This instrument will show 1 lb. increase in 
a pressure of 20,000 lb. per sq. in. 

A water gauge manometer is employed to measure the slight 
variation in the pressure of air and gas above or below atmospheric 
pressure. The difference in the heights of water, oil, or mercury in 
a glass U-shaped tube is shown in inches, one limb of the tube being 
open to the atmosphere and the other connected to the gw supply, 
or to the furnace gas in the base of the chimney to measure the 
draught. The single tube and curved tube manometers (p. 191) are 
convenient to use ; other special instruments of great precision 



4 


APPLIED THERMODYNAMICS 


in measuring air or gas pressures have been specially designed in 
various investigations.* 

Pure water at 10° C. (50° F.) weighs 02-41 lb. per cu. ft., so that 
each foot of head of water is equal to a pressure of 62-4 lb. per 
sq. ft., or 0-4334 lb. per sq. in. ; and 1 in. of water column = 0 036 
lb. per sq. in. Mercury is 13-596 times heavier than water at 
standard temperature and pressure. 

The engineer's units of work are the foot-pound (ft-lb.), and 
kilogramme-metre. One ft-lb. is the work done by a force of 1 lb. 
weight acting through a distance of 1 ft. in its own direction. 
One ft-lb. = 0-138255 kg-metre (London), or 1 kg-metre = 7-233 
ft-lb. The C.G.S. unit of work is an erg , being the work done by a 
dyne acting through a distance of a centimetre. The more con¬ 
venient practical unit of work employed by electrical engineers is 
1 joule = 10 7 ergs = 0-7372 ft-lb. ; and 1 ft-lb. = 12 x 2-54 cm. 
X 453-6 grammes x 981 ergs = 1 356 X 10 7 ergs = 1-356 joules. 

^ . * , . , work done , , 


Power is the rate of doing work — ... .. ; or, work dono 

= power X time. tlU10 takon 

In order to determine the power of an engine, we have to make 
two measurements, viz. a measurement of the work and of the time 
during which the work is done, then the power is the quotient of 
work divided by time. The unit of power , introduced by James 
Watt and commonly adopted by British engineers, is 1 horse-power 
= 33,000 ft-lb. of work done per minute ~ 550 ft-lb. per sec., or 
1,980,000 ft-lb. per hour. 

The metric horse-power, or French force-de-cheval , is 75 kg-metrcs 
per see. = 542 475 ft-lb. per sec. = 0 9863 British H.P. ; or 1 
British H.P. =» 1-014 metric force-de-cheval (approx.). 

The C.G.S. unit rate of working is 1 erg per sec., but this is an 
extremely small unit, and the practical unit of electrical power is 
1 joule per second , and called 1 watt , which is equal to the work done 
per second by a current of 1 ampere in a circuit having 1 volt of 
electric pressure maintained between its terminals, and is equal 
to 1 ampere X 1 volt; 1 watt = 0-7372 ft-lb. per sec., or 44 23 ft-lb. 

550 

per min. 1 British H.P. = - --- - 746 watts, and 1 metric force-de- 

cheval is 736 watts ; 1 kilowatt — 1 3405 H.P. 

The electrical horse-power expe nded in a circuit and transformed 
into heat or mechanical energy is equal to the product of amperes 
of current and volts of electric pressure divided by 746. The Board of 
Trade Unit for supply of electrical energy is the work done in a 
circuit when the power exerted in watts, multiplied by the time in 
hours, equals 1,000, or 1,000 watt-hours, called 1 kilowatt-hour , equal 
to the supply of energy amounting to 1-3405 horse-power-hour. 

♦See, for instance, Proc.Inst. C . E., Vol. CC1V, Part 2 (1918), pp. 126 
and 134. 
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Energy is the capacity for doing work, and the definite quantity 
of work adopted by British engineers as a unit for measuring the 
performance of a heat engine or power plant is 1 horse-power-hour 
= 33,000 x 60 = 1,980,000 ft-lb. 

The comparison is made by the weight or quantity of fuel supplied 
or needed per horse-power-hour output of the power plant. 



CHAPTER II 

HEAT, WORK, POWER AND ENERGY 

By temperature is meant the degree of hotness or intensity of 
heat in a body, and is that property in virtue of which heat tends 
to flow from a warm body to a colder one. 

Measurements of temperature are based on some of its effects 
on substances— 

1 . In the ordinary thermometer the property made use of is the 
expansion of mercury or other liquid enclosed in a fino glass tube 
of uniform bore, and the temperature is indicated by the rise of the 
column of mercury. The indications depend on the difference of 
the expansion of the liquid and that of the glass. 

In the mercury thermometer, the glass, after being heated, does 
not quite return to its original volume at once when cooled, so that 
the zero point is altered during the slow and gradual shrinkage of 
the glass. 

In order to form a scale, the two definite temperatures selected as 
fixed points are the temperaturo of melting ice and the temperature 
of steam as it escapes from pure water boiling under standard 
atmospheric pressure. On the Centigrade scale tho boiling point 
is marked 100 ° C. and tho freezing point 0 ° C., while these tem¬ 
peratures on the Fahrenheit scale are 212 ° and 32° F. 

The range of temperature between these fixed points is divided 
into equal parts called degrees, by comparison with standard instru¬ 
ments ; 100 ° on the Centigrade scale and 212 ° - 32° or 180° F. 
Hence to reduce from one scale to the other, if readings of the same 

C F- 32 

temperature are denoted by G and F, we have Thus 

e 100 loO 

<7 = 5 - (jP - 32), and F = 1-8 C + 32. 

The mercury in glass thermometer is portable and convenient 
for ordinary purposes, where strict accuracy is not required. 
Although a temperaturo cannot be determined in this way with 
very great accuracy, without several corrections, differences of tem¬ 
peratures may be measured with more precision. 

It is essential for accuracy in indications that mercury or other 
liquid thermometers should be standardized, that is, calibrated for 
corrections at all points on their scale by comparison with a standard 
instrument under the same conditions as when in use. 

2. In the gas thermometer the increase of volume of air or gas 
when heated and kept at constant atmospheric pressure is about 
20 times that of mercury for the same change of temperature, 
and furnishes an accurate scale of temperature as a standard of 
reference over a very wide range. 

6 
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The gcw thermometer is a delicate piece of apparatus requiring 
careful manipulation, and is not suitable for ordinary work. Perfectly 
dry air, hydrogen and nitrogen expand nearly the same fraction of 
their volume at 0° C. for a given rise of temperature, if the pressure 
is kept constant, and are used to measure temperature in two ways : 
(a) by change of volume while the pressure of the gas is kept constant, 
and (6) by change of pressure while the volume is kept constant. 

The scale of temperature of the hydrogen thermometer is the 
standard adopted below 100° C., and that of nitrogen at higher 
temperatures. 

3. The platinum thermometer * has been made a standard of 
reference for work of precision by Callendar and Griffiths, and 
measures temperature by the variation of the electrical resistance 
of pure annealed platinum wire, and is suitable for direct use at 
very high temperatures,f as well as at extremely low ones. A special 
advantage secured by this thermometer is the close agreement of 
the thermodynamical scale with the platinum scale of temperature, 
as given by the expression p t = 100(r - r 0 ) -f- (r x - r 0 ), in which p t 
denotes platinum temperature Contigrade, and r, r v and r 0 are the 
observed electrical resistances of the thermometer wire at the 
temperatures p t , 100°, and 0° C. respectively. The change of resis¬ 
tance of the platinum thermometer wire between 100° C. and 0° C., 
r, - r 0f is called the fundamental interval of the thermometer, and is 
taken as 100° C., so that on the platinum temperature scale a rise 
of 1° C. at any temperature would increase the electrical resistance 
of the platinum wire by one-hundredth of the difference between its 
resistance at 100° and 0° C. The reduction to the scale of the gas 
thermometer is effected by the parabolic difference formula 

t-p t = 1-61 (t - 100) X 10- 4 

4. A thermo-electric couple is composed of the junction of two 
different metals, as a piece of cast iron with wrought iron wire 
inserted, and leading to a cold junction to complete the electric 
circuit at the other end. A junction may also bo formed by simply 
twisting together at one end a fine wire of pure platinum and another 
wire of platinum containing 10 per cent of rhodium or iridium 
connecting them with a dead-beat D’Arsonval galvanometer or 
suitable voltmeter, and inserting the other pair of ends in melting 
ice. On heating this thermo-couple by dipping the junction in 
melting metals, a small electromotivo force is generated, which is 
plotted against the known fixed temperatures, and a calibration 
curve obtained giving the relation of electromotive force to tem¬ 
perature. Then the junction may be exposed to hot gases and 
thoir temperature measured. The platinum-iridium couple gives 

• Phil . Trans., R.S. 1887, p. 161 ; 1891 and 1893. 

t Heycook and Neville, Journal of Chem. Soc. t Feb., 1895. Harker and 
Chappina, Phil. Trans., 1900. Chree, Proc. R. 1900. 



8 


APPLIED THERMODYNAMICS 


about 1J times the electromotive force of the rhodium alloy, but 
the iridium volatilizes above 1,000° C., when the platinum-rhodium 
alloy should be used ; while for the highest temperatures a couple 
of tungsten and tantalum may be used. 

The chief use of the thermo-electric couple is for measuring very 
high and low temperatures or difference of temperatures ; and it has 
proved specially suitable in the determination of the cyclical varia¬ 
tion of temperature at any particular point or depth in the cylinder 
walls during the working of the steam engine,* * * § and in the cylinder 
of the gas or petrol engine.f 

5 . Lord Kelvin devised a thermodynamic scale of temperature 
which is independent of the physical properties of any substance, 
and is deduced from the fact that two temperatures on this absolute 
scale are to one another in the same ratio as the quantities of heat 
taken in and rejected by a perfect reversible heat engine which 
works between the higher and lower of these temperatures (p. 122). 

Professor H. L. Callendar has, by various investigations, deduced 
the correction or deviation of the scale reading on the gas ther¬ 
mometer;}; from that of the absolute thermodynamic scale, based 
on the “ cooling effect ” observed by Joule and Thomson in their 
porous plug experiment. A few values of the correction found for 
hydrogen are given, to show the degree of accuracy— 


Temperature, C. 

- 200° 

- 10° 

40° to 50° 

200° 

1,000° 

Constant Volume 

0-0311 

0-00021 

0-0004 

0-00236 

0-0438 

Constant Pressure 

0-201 

0-00075 

0-00132 

0-0068 

0-1040 


At the fixed points, 0° and 100° C., the readings agree, and the 
greatest difference between the fixed points is at 40° to 50° C 
Even at the extremely low temperature - 250° C., the correction of 
the constant volume hydrogen scale is only 0*1005° C. 

Callendar takes the absolute zero of temperature 273*1° C. below 
the freezing point, and for his steam tables the exact values of 
absolute temperature, 

T = t° C. + 273*1 on the Centigrade scale, 
and T = t° F. -f 459*58 on the Fahrenheit scale. 

In ordinary calculations, except for tables, the numbers 273 and 
460 may be used, these values being within the limits of accuracy 
of all practical observations. 

Units of Heat'§ Quantities of heat are measured by the heat 
required to raise the temperature of unit weight of water through 

* Callendar and Nicolson, Proc. Inst. C. E. t Vol. CXXX1, p. 1. 

t Coker and Scoble, Proc. Inst. O. E ., Vol. CXCVI, p. 1. 

% “ Thermodynamical Correction of the Gas Thermometer, 1 * by Professor 
H. L. Callendar, Proc. Phys. Soc. ( London ) Vol. XVIII, May, 1903. pp. 282- 
334. 

§ For a full discussion of heat units, soo “The Heat Unit” by Dr. Kzor 
Griffiths, Proc. Inst. Mcch.E ., 1951, Vol. 194, j». 215. 
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a given range, namely, between the two physically fixed points, 
the temperature of melting ice to that at which water boils under 
the constant pressure of one atmosphere. 

The mean pound caloric (C.H.U.) is defined as r— part of the 

100 

quantity of heat required to raise the temperature of one pound of 
water from 0° to 100° C. 

The mean British Thermal Unit (B.Th.U.) is defined as part 

lo0 

of the quantity of heat required to raise the temperature of one 
pound of water from 32° F. to 212° F. 


1 C.H.U. 


B.Th.U. 


The kilo-calorie is one-hundredth part of the quantity of heat 
required to raise the temperature of 1 kilogramme of water from 0° 
to 100° C. 

Thus 1 kilo-calorie is the heat taken to raise 1 kilogramme of 
water 1° C. 

= 2-20462 lb. x 1-8° F. = 3-9683 B.Th.U. 

The unit of heat commonly adopted in scientific work is the 
gramme-calorie , which is one-thousandth of the kilo-calorie, and is 
the quantity of heat required to raise the temperature of 1 gramme 
of water, under atmospheric pressure, by 1° C. measured on the 
scale of the standard hydrogen thermometer, either at 15° C. or, 
preferably, at 20° C. 

Although Fahrenheit is still the most familiar scale of temperature, 
the Centigrade is also used by British engineers because of its 
international use and convenience, since the same numbers express 
quantities of heat energy in the British, metric, and C.G.S. systems. 

Work can be represented graphically by an area on the pressure- 
volume diagram. 

In the diagram, Fig. 1, at the state point A , the height AA X 
represents, to a suitable scale, the intensity of pressure, p , of a 
given mass of working substance on the piston which has area of 
cross-section a. Then p x a is the total absolute pressure or force 
in pounds on the piston. The volume at A is v ly represented by the 
length 0A V and the offoctivo volume swept by the piston during its 
stroko of length, L ft., under the constant pressure, p, of the working 
substance to the state B } is v % - r,. Tho area ABB l A l represents the 
amount of work done by tho fluid in moving tho piston, since tvork 
done = average force (lb.) X distance (ft.) = pa x L. If p is in lb. 
per sq. ft., and the piston area a sq. ft., a x L is the increase of 
volume of tho working substance, (v 2 - t^) cu. ft., and tho work done 
during this expansion while the pressuro remains constant is p(v t - v j) 
ft-lb. = average pressure ( lb . per sq.ft.) x change of volume (cu.ft.). 



10 


APPLIED THERMODYNAMICS 


When the pressure changes during expansion, let the ordinates of 
the curve AC t Fig. 1, represent the relation of the pressure to the 
volume. If p is the average pressure acting on the piston, at any 
instant, while the piston is moved through a very short distance, 

l ft., during a small increase of volume 
al = dv, as the volume increases from v 
to v + dv, the work done by the fluid is 
div = pal = pdv, represented by the 
area of the little shaded strip. In the 
limit when A l B l is divided into an in¬ 
finitely great number of equal parts, 
the change of volume dv for each becomes 
infinitely small. Then the total work 
done by the fluid in its expansion, from 
volume i>, to v 2 , is the sum of all such 

strips or of the values p . dv = | % p . dv , 

represented by the area ACB l A l under 
the curve, AC , which shows the 
changes of pressure and volume. The 
Fiq. 1. P-V Diagram area ACB X A X may also be obtained 
graphically. 

Laws of Curves. Generally, during the expansion and com¬ 
pression of the working substance in an engine cylinder, the pressure 
and volume follow a law of the form p . v n = a constant, C, where 
p is the absolute pressure, and v the total volume including clear¬ 
ance. To find a suitable value of n from the curve, take logarithms, 
and we have log p + n log v = log C, which is the equation of a 
straight line. 

Example 1. During the expansion of a given mass of air, the initial pressure 
wasp, =b 80 lb. per sq. in. when the volume, including clearance, v, ~ 1 cu. ft. 
At two other points measured on the curve, when the volume was 2 and 3 
cu. ft., the indicated pressures were 33*30 and 20 lb. persq. in. respectively. 

If the air followed the law p . tf 1 = constant, p, . v x n = p t . ty* 
= p z . v 3 n = 6', that is, 80 X l n = 20 X o n = C ; hence 3 n == 4, 
and, taking logarithms of each side, we have n log 3 = log 4, and 

n = = 1-262. Obviously, C = 80 when =* 1, so that the 

law of expansion is p . v 1 282 = 80. 

This rough calculation, from only two points on the curve, may 
be checked by substituting values of p and v, measured at the 
other point. Here, p . v 1262 = 33-36 X 2 1 262 = C, and 

log C = log 33-36 + 1-262 log 2 = 1-52322 + 1-262 x 0-30103 

= 1-9031 



hence C = 80, as before. 
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It is necessary to take several points on a curve in order to 
correct errors of observation. 



Fia. 2. P-F Diagram 

Example 2. The pv diagram, Fig. 2, shows the compression of 6cu. ft. 
of gas at 14*7 lb. per sq. in. to 1 cu. ft., and after receiving heat at constant 
volume, which raises the pressure to 400 lb. per sq. in., the gas expands to 
the original volume. 

To find the law of expansion , read off and tabulate the pressures 
and corresponding volumes from the expansion curve. Fig. 3, plotted 
to an enlarged scale. We have— 



Cub. ft. 

Fig. 3. Expansion Curve 
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Plotting the values of log p and log v> on squared paper, Fig. 4, 
the points lie very nearly in a straight line, found by means of a 
fine thread stretched along them. Take any two points on the line, 
one near each end, for the corrected values of each pair of logarithms. 


log P 

2-35 

1-0 

i 

Difference 

0-75 

log V 

02 

08 

0-0 


_ . 

__ _ 

__ . £ 


Now p t . v t n = p t . r 2 n , and taking logarithms, 
log Pi + n log v x = log p z + n log v 2 
. n ^ [ ogp i -\ogp l _015 
log tq-log t; 2 0-6 

Or, substituting these values in the equation, 
log p + n . log v = log C 
gives 1*6 + 0*8n = log G 

and 2*35 + 0-2n = log C 

Subtracting, we have 0-6 n — 0*75, and n = 1*25 ; also, when 
v = 1, C = 400. On this graph the index n gives the slope of the 



Lofrv 
Fio. 4 


line, that is, the ratio of the decrease of log p to the change of log v 
between any two points on the line. 

Hence the law of expansion is p . v 12b = 400. 
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In the same way the relation between p and v, on the compression 
curve , is determined and expressed by the equation p . v 1 35 = 165. 

These equations give information as to the behaviour of the charge 
in a gas engine cylinder during compression, explosion, and expansion. 

Work done by a fluid during expansion according to the law 
p . v* = a constant = C 

The work done is measured by the area under the expansion 
curve, Fig. 1, between the given limits v x to v t , and denoted by 


W 


-JV 

Jr x 


dv 


We are given p = = C . v' n 

In this case, by integration, 

C 

W = C\ IT" . . = ;- 

Jr, l ~ H 

and since p x . r x n — p , . v t n f 

W = rs- n ip i v i -p l v 1 )= PlVi ' PiVt 


l-n 


yl-\ 


c 

1-n 


W n -v ] ln ] > 


n - 1 


or 


W = 


Pi v j_ 

n - 1 


1 


on- 


Also /— "i = — , 
\ v t I Pi 


so that the expression becomes 


W 


Pl v 1 


n- 1 


! l-l- 


P»\ 


n - 1 


V if 


I " 




( 1 ) 

( 2 ) 

(») 


During compression the work dono by tho fluid is negative, since 
work is dono upon it by tho piston, then equation (1) becomes 

PtV-i - Vi v x 


( 4 ) 




( 5 ) 


W - n - 1 

and equation (3) is changed to 

When tho pressure is expressed in pounds per sq'uare foot , and the 
volume in cubic fed, the work done will be obtained in foot-pounds. 

In the case when n = 1, the expansion or compression curve is 
expressed by tho equation, pv = constant, and p x v x = p t v t = k , say. 

_ C v % C r t dv C v * dv T 1 p * 

Then W = I p . dr = I k . “ = & ~ — k log £ v 

Jr l Jf'i V Jr i V L J n 

and W = k . log s ~ = />,»,. log e r.(6) 

V l 

r is called the ratio of expansion or compression. 
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Multiply common logarithms of numbers (to the base 10) by 
2*3026 to convert them into “ Napierian ” or “ natural ” logarithms, 
logs, (to the base e = 2*71828) used in equation (6). 

Example 8 . Given the results in Example 2, from the diagram, Fig. 2, 
calculate the work done during expansion and compression of the gas ; also 
the net effective work done by the gas, and the mean effective pressure during 
the cycle. 


During expansion of the gas, p . v 125 = constant, and when the 
volume is 1 cu. ft. the pressure is 400 lb. per sq. in., and 

p* ■ V * 6 = Pi • V * 6 . Pi = Pi ^ = 400^ S 

g 

Taking logarithms, logp, = log 400 - — log 6 

5 

= 2*60206 X 0-77S15 = 1*6294 

p 2 = 42*6 lb. per sq. in., or 42*6 X 144 lb. per sq. ft. 

Work done during expansion by the gas, from equation (1), 

w _ PiVi~P*n 

n- 1 

and work done 


144(400 X 1 - 42*6 x 6) 144 

1*25-1 “0 25 


(400-255*6) 


= 576 X 144*4 = 83,175 ft-lb. Answer. 

Equations (2) or (3) may be used to chock this answer. 

The work done may also be measured directly from the expansion 
curve, Fig. 3. Divide the area under the curve into ten strips by 
equidistant ordinates. Read off the mid-heights, and the average 
value of these gives the mean pressure during expansion 115*52 lb. 
per sq. in. Work dono by the gas is pressure x change in volumo 
= 144 x 115*52 (6 - 1) = 83,175 ft-lb. 

For work done on the gas during compression, wo havo the initial 
pressure p s = 14*7 lb. per sq. in., and the ratio of compression = 6. 
The law is p 4 X l 1 * 35 = p z X 6 1,36 , or p A = 14*7 x 6 1 ' 36 . 

Taking logarithms, logp 4 = log 14*7 + 1 *35 log 6 

= 1*16732 + 1*35 X 0*77815 = 2*21782 
and /. p A = 165*125 lb. per sq. in. 

Substituting these values in equation (4), 

Work done = X .1 - 14 ; 7 X ,6 ) = 144 _ 

1*35-1 0-35 

144 

^ 0^35 X 76 926 = 31 > 650ft ‘ lb * 


Answer. 
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To check this rosult by equation (5), we have 


Work done 


144 x 14-7 X 6 [ /165-125 


1-35 - 1 


K 165-125\_ 

-irr)” 


0*35 

■35 


1 


36,288 (1-8722 - 1) = 31,650 ft-lb. 


The effective work done by the gas during the two operations of com¬ 
pression and expansion is therefore 83,175-31,650, or 51,525 ft-lb. 

Mean Pressure. Again, since the work done is equal to the mean 
effective pressure (M.E.P. or p m ), multiplied by the stroke volume, 
p m (v 2 - iq) = 5p m = 51,525 ft-lb.; and 

p m = 51 - ’— = 10,305 lb. per sq. ft. =71-56 lb. per sq. in. 


The mean effective pressure (M.E.P.) during compression and 
expansion, Fig. 2, is represented by the average width between the 
two curves, measured parallel to the pressure axis of the closed 
area of diagram. Then the work done is this mean effective pressure 
(lb. per sq. in.) multiplied by the effective area of the piston in 
square inches, and by the length of the piston stroke in feet. 

Tho area may be divided into ten strips by equidistant lines at 
right angles to tho atmospheric lines (Fig. 2). Measure the mid¬ 
length of each strip as shown by dotted lines, and the average value 
of these, multiplied by tho pressure scale of the diagram, that is, 
the scale number of tho indicator spring used in tracing the diagram, 
gives the mean effective pressure. 

Tho average width of the diagram is generally measured more 
accurately and quickly by means of the Amsler planimeier , thus— 

Set tho two points on the adjustable sliding bar to the exact 
length of tho diagram, measured on the atmospheric line. Start 
with tho tracor at a point about mid-length of the diagram and 
having the arms of tho planimeter at right angles. Then move tho 
tracing point clockwise around the diagram, and the reading divided 
by 40 gives the averago width of the diagram. The accuracy of the 
instrument may bo tested by using it to measuro the known height 
of a carefully drawn rectangle of about tho same area and length. 

In order to determine the relation between the absolute pressure 
and volume of the fluid, as in Fig. 2, from an indicator diagram, 
the barometer reading is noted when the diagram is taken. The 
height of tho mercury column in inches, multiplied by 0-49 (soc 
p. 3), gives the atmospheric pressure in pounds per square inch. 
The line of zero pressure can then bo drawn parallel to the atmo¬ 
spheric line, at a distance below it representing the atmospheric 
pressure to the appropriate scale of tho diagram. 

Clearance. The space between the cylinder cover and the piston 
at the end of the compression or in-stroke, including valve passages 
which the working fluid may remaiff, is called the clearance 
volume . It is found directly in somo engines by the measured 
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quantity of water that fills it, taking care to avoid air being locked 
in the passages. The length, 01, Fig. 2, is set off in the same ratio 
to the length of the diagram as the clearance volume is to the 
piston displacement. 

Engine Indicators, The function of the engine indicator is to 
trace and register a pressure-volume diagram, showing the actual 
changes in pressure and volume of the working substance in the 
cylinder during a cycle of operations. The indicator diagram thus 
shows the events of the cycle, and by its shape indicates faulty 
setting of valves, and other irregularities in the action of the engine. 
From the area of the diagram, the mean effective pressure during 
the cycle and the rate at which the fluid is doing work upon tho 
piston, called the indicated horse-power , may be determined. 

The simple piston and pencil indicator , invented by James Watt, 
has been improved and designed to obviate tho difficulties duo to 
rapid variation in pressure and increased speed of engines by 
McNaught, Richards, and other inventors, who introduced the 
paper drum, light piston and moving parts, short and stiff springs 
allowing the indicator piston only a short travel and magnifying 
this motion four- or six-fold by the parallel motion linkage. The 
other modern types—the optical indicator and the electrical indicator 
—are less portable and more especially adapted for scientific 
research purposes and work in the laboratory. 

The Crosby Indicator,* Fig. 5, is a piston and pencil type, 
designed for steam, gas, or oil engines. The indicator is fixed 
by the union U on a cock screwed into the end of the engine 
cylinder, and communicates with tho clearance space. The piston 
P , of Jor J sq. in. area, on which the fluid pressure acts when the 
indicator cock is open, is in tho form of the central zone of a 
sphere, having line contact with the cylinder so its to reduce friction. 
One end of the hollow piston-rod is pivoted at the centre of the 
piston, and the other end attached to the top of the controlling 
spring S by ball and socket joints. Tho helical spring is fixed 
externally so as not to be exposed to the high temperature of the 
gases, which would affect the elasticity of the steel. This spring, 
also shown in Fig. 6, is formed from a piece of steel wire, having a 
steel bead fixed in the middle, and made into a double spiral, the 
ends of which are passed through holes drilled helically in four radial 
wings of the metal head to hold the spring securely. Adjustment of 
the exact strength is made by screwing the ends of tho wire into the 
head more or loss. While the piston is moved rapidly upwards by 
pressure the spring is in tension. The cylinder of tho indicator is 
held by a screwed flange at the top end only, and is free to expand. 
The piston needs to be kept clean and carefully lubricated. Its 
rise or fall is proportional to the change of pressure in the engine 
cylinder, and its travel is liept very short by the strong spring, 

* Indicators of a similar type are made by Messrs. Dobbio Mclnnos, Ltd. 
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multiplied six times by the light linkage guiding the long, stiff arm 
carrying the pencil point R, which traces a vertioal line on the 
paper drum D. 

The length of the vertical lines traced by the pencil R upon the 
paper wrapped round the indicator drum, is proportional to the 



Fia. 5 Fia. 6 

Thk Crosby Indicator Crosby Sprino 

pressure to the scale marked on the spring. With a spring marked 
200, a pressure of 2001b. per sq. in. will give a height of 1 in. on 
the diagram, but, if the area of the indicator piston is J sq. in., 
then 1 in. vertical height on the diagram will indicate a pressure 
of 400 lb. per sq. in. in the engine cylinder. 

The total actual pressure on the indicator piston should be 
between 100 and 125 lb., which would be given by a pressure of 
600 lb. per sq. in. on a piston area J sq. in. * The spring should then 
be chosen which would give a diagram not more than 1J in. high. 
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The spiral spring H , inside the paper drum Z>, keeps the cord 
connected to the reducing gear from the engine piston in tension, 
and can be adjusted by the nut N to suit the speed of the engine. 

In reducing the reciprocating motion of the engine piston to the 
indicator drum, the tension in the cord has to overcome the inertia 
of the drum resisting acceleration and the varying pull of the 
spring H. The special cord used must have the least possible 
amount of yield or stretch, and steel wire is hotter, in order to 
avoid errors of stretching, especially at high speeds, otherwise the 
horizontal motion of rotation of the paper will not be an exact 
miniature of the piston's motion. 

The whole pencil mechanism can be turned so as to bring the 
pencil into contact with the paper. The pencil must touch the 
paper very lightly, since friction causes the pencil to lag behind 
its true position, so that the area of the indicator diagram is too 
large.* The fine point of a “ Koh-i-noor ” pencil on very smooth 
paper reduces friction and its effects. 

Mr. Willans stated that for steam engines at 400 r.p.m., the 
Crosby indicator produced clear diagrams, and the inaccuracy did 
not exceed 1 per cent. In the case of internal combustion engines, 
the shock of the explosion may produce errors of at least 2 to 3 
per cent, or more at high speeds. If the explosion attains maximum 

pressure while tho crankshaft moves through 15° or 24 of a revolu¬ 
tion, and the petrol engine speed is 2,100 r.p.m. or 1 revolution in 
— of a second, then the high maximum pressure is applied in — - 
of a second. 

Obviously the piston and pencil type of indicator is not suitable 
for internal combustion engines running at speeds above about 
400 r.p.m. when the explosions are rapid and the pressures very 
high. Errors in the diagram are caused by the combined effects of 
inertia, friction, vibration of the spring, backlash due to slackness 
in the pin-joints of linkage, and high temperatures in the indicator 
cylinder. 

(I) The effect of friction of the piston and pencil, and inertia of 
moving parts, is to increase the moan pressure, because the pencil 
lags behind its true position, so that the indicated pressure is too 
low during compression and above the actual pressure during 
expansion. (2) The position of the drum may not correspond to 
motion of the engine piston due to backlash from slackness and wear 
in the pin-joints of the pencil mechanism, also to stretch of the 

* 44 Errors of the Indicator,” by Osborne Reynolds and H. W. Brightmore, 
Proc. Inst.C.E. (1885), Vol. 83, Part 1 ; and by J. G. Stewart, Proc. Inst. 
Mech.E ., January, 1913 ; also 44 Symposium of Papers on Engine Indicators,*’ 
Proc. Inst.Mech.E., No. 2 (1923). 
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indicator cord by sudden pulls. The latter effect is shown in the 
pencil indicator diagram, Fig. 7, in which the full line is the correct 
diagram and the broken line the boundary of the actual diagram 
traced by the indicator pencil. (3) Inertia effects are due to 
suddenly applied pressure, like blows, which produce varying accel¬ 
erations of the masses of moving parts—the indicator piston, poncil 
linkage, and the paper drum—tending at first to retard the motion 
of the tracing pencil, and finally to drive it too high, so that the 
registered maximum pressure of an 
explosion is much higher than the 
actual pressure. Moreover, rapid 
rate of change of pressure produces 
vibration of the indicator spring, and 
sets up waves which vary with the 
natural or free periodic time of the 
spring and the frequency of the 
explosions. 

Optical Indicators. Professor John 
Perry, the inventor of the optical 
indicator, designed a simple type 
of indicator to get rid of the effects 
of inertia and friction. The pencil 
a ray of light, which has neither weight nor inertia, while the 
indicator diagram can bo enlarged by the reflected ray from a very 
small motion of the mirror. A thin steel disk or circular diaphragm 
A , Fig. 8, is rigidly clamped around the edge, between flanges, B y of 
a shallow cast-iron box CO. A small mirror M , fixed on tho disk ; 
is tilted by tho pressure of steam from tho engine cylinder, so that 
a ray of light projected on it is reflected and forms a bright spot 
on a screen, and the deflections vary as the pressure. The whole 
box is fixed directly on tho indicator cock of tho steam engine 
cylinder, and turned through a small angle proportional to the 
piston motion by means of reducing gear. This gives a motion of 
the spot of light at right- angles to that due to the pressure. The 
passage between the indicator and cylinder is made short to avoid 
lag and undue addition to the clearance volume, which would 
change tho action in the gas engine cylinder. Here tho disk is its 
own spring and practically takes tho place of tho indicator piston 
with its spring and pencil mechanism. The spot of light moves so 
quickly that it gives a continuous bright curve or diagram, which 
may bo recorded on a photographic plate of suitable size or enlarged 
on a wall or screen, and can be scon by a large audience. The great 
advantage of this type of indicator is that the diagrams from any 
number of consecutive cycles can be ol>serve /, any variation noted , and 
the action in the engine adjusted accordingly , without taking a diagram. 
The diagram may also be easily tracod on paper against a ground- 
glass screen. 



Fig. 7. Indicator Diagram 
Distorted: Effect of Hack 
lash and Stretch of Cord 


mechanism is replaced by 


2—(T.5434) 
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The pressure scale of the diagram from a flat disk is not the same 
at high as at low pressures, but the indicator can be readily cali¬ 
brated by comparison with a Bourdon standard gauge, when both 
are acted on by steam at increasing and decreasing pressure, a series 
of readings being taken at steady pressures up and down by thrott¬ 
ling the steam. A suitable scale is then drawn for each disk, with 
parallel lines at equal intervals of pressure. 

M _ A 

Fia. 8. Diagram of the Perry Optical Indicator 

The Hospitalier-Charpentier Optical Indicator, or Manograph, 
uses a flat disk, like that in the Perry indicator. Tho mirror is 
pressed by springs on three pivot points, on its back, which form a 
right-angled triangle. The point at the right angle is fixed, at 
another point a rod from the centre of the disk presses, and the 
third point is given a motion proportional to that of the piston by 
means of a flexible drive from the engine crankshaft. The incident 
beam of light entering a dark box is reflected by a prism to the 
pivoted mirror, which reflects the spot of light on a screen. 

Professor H. L. Callendar modified this indicator to obviate several 
of its disadvantages, and obtained perfectly clear diagrams in his 
researches on a small air-cooled petrol motor* at speeds up to 
2,500 r.p.m. He found that when both motions are given to the 
same mirror, one motion slightly tends to disturb the record of the 
other, and he suggested a separate mirror for tho piston motion. 

The Watson Indicator. This disk type of optical indicator was 
greatly improved by Professor W. Watson. Fig. 9 a shows the disk 
and mirror mechanism diagrammatically. In order to make the. 
pressure scale uniform, he adopted a corrugated disk A t made of 
an alloy steel (silicon steel) gilded upon the under surface exposed 
to the hot gases and oxidized on its upper side. The corrugations 
are concentric, and tho disk is tightly held by bolts B around 
its edge with a copper washer to keep it air-tight. From tho centre 
of the disk or diaphragm, a small vertical rod C passes through 
guides and acts on one end of a light frame, like the earn of a 
balance, carrying a concave mirror M } \vhile the other end of the 
frame presses on a cantilever spring S. Hardened steel points on 
each end of the beam rest in hollows on tho top of the rod C, and on 
the end of the cantilever S. The mirror frame turns about its 
centre on pivots of steel points, which are pressed upward against 
the hardened steel under-surface of the beam. The disk A is 

* " The Effect of Size upon the Thermal Efficiency of Motors,” Proc. Inst. 
Auto . Engrs , 1900-7. See also Hopkinson on “ Indicating Gas Engines/’ 
Proc. Inst. Mech.E., Oct., 1907, p. 911. 
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kept cool by water W circulating in the jacket below it, while the 
upper surface is exposed to atmosphoric pressure. The pressure of 
the gases in the engine cylinder forces the disk and rod upwards, 
and tilts the mirror in the plane of the paper, so that light from an 
arc lamp is reflected upwards from M to a plane mirror, which is 
turned perpendicular to the paper and proportional to the motion of 
the piston. 


M 



Fiq. 9a. Disk and Mirror Mechanism—Watson Optical 
Indicator 

Dr. Watson employed this optical indicator in researches on air- 
petrol mixtures* in the engine, and in the study of ignition in the 
petrol motor. 

Professor W. E. Dalby has designed this indicator in a commercial 
form, shown in the diagram Fig. 9 b, and devised different types 
from time to time to meet the various conditions that have arisen, 
like that illustrated by the diagram, Fig. 9 a. 

The Dalby-Watson Indicator consists essentially of a disk A 
firmly supported between flanges B, and arranged for water circu¬ 
lation to keop the disk as cool as possible. The variation of the 
T>re8sure is measured by the variation in the deflection of the disk. 
The tliickness of the disk must be proportioned so that the deflection 
corresponding to the maximum pressure is small. The deflection 
of the disk A is transmitted by a rod C to a light mirror Z), 
suitably mounted and constrained by a spring (not shown) to follow 
the deflection of the disk so that the angular displacement of this 
mirror is proportional to the variation of the pressure in the engine 
cylinder, with practically negligible error. 

A plane mirror E is mounted so that its axis is at right angles 
to the axis of the mirror £>, and is so connected that it tilts pro¬ 
portionally to the displacement of the piston. 

* Proc. Inst, Auto. E. Ill, p. 245, and Cantor Lectures , 1908. 
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A beam of light, originating either in a “ Point-o’-Lito ” lamp or 
in an arc, is projected centrally on tho mirror D, and reflected by the 
second mirror E , and finally brought to a focus on the camera screen F. 

When the engine is working, the simultaneous tilting of the two 
mirrors causes the spot of light to describe the pressure-volume 
diagram on the plate. 

By means of an ingenious phase-changing device, designed by 
Professor Dalby, which is totally enclosed in an oil bath, the phase 



Fio. 9b. Diagram of the Dalby-Watson Optical Indicator 

of the piston displacement may be altered to produce the kind of 
diagram so useful for examining the dead points in the p.v. diagram. 
By setting the phase at 90° from normal, the period of ignition is at 
the centre of tho diagram, on what is practic ally a time basis. Tho 
print, Fig. 10, from the original plate, taken by Professor Dalby 
with his optical indicator from a Diesel engine, gives four pressure- 
volume diagrams placed one over the other, and two superposed 
cycles differing in phase 90° from the normal cycle. The horizontal 
line marked “ admission ” indicates corresponding points on both 
diagrams. The compression curve in each of the p.v. cycles is 
coincident on one fine line, and clearly shows tho precise point at 
which the mixture began to bum. Tho small variations and 
differences of pressure which followed ignition in these cycles are 
exactly recorded, and there is very little difference in the expansion 
curves. The spot of light in tho phase-changed diagram moved 
from left to right, showing clearly for two other cycles tho time rate 
of rise of pressure in the cylinder before and after ignition. 

The phase must be adjusted at the dead centre at the end of the 
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compression stroke, in order that diagrams on a time basis may 
give useful indications of the action in the engine cylinder. This 
dead centre may be found either (i) by switching off the spark, 
when the top end of the compression and the expansion curves is 
given on the pressure-time diagram ; or (ii) by motoring the engine 
and taking a pressure-time diagram on the same plate as the power 
curve. On the motoring curve draw parallels to the base line, 
cutting the compression and expansion curves. The line joining 



Fia. 10. Diagrams Taken with a Dalby-Watson Optical 
Indicator 

(From a Diesel Engine—R.P.M. 240 ; Air Blast Pressure 715 lb. per sq. in.; 

Mean Pressure 118 lb. per sq. in.) 

the points of bisection of these parallels, near the top of the peak, 
gives the dead centre, provided there is no leakage when the 
diagrams are taken. 

Various modifications of mechanical details have been tried to 
overcome difficulties and weak points found by experience in taking 
indicator diagrams from some petrol engines having high compres¬ 
sion and explosion pressures, and running at very high speed with 
excessive vibration. For instance, the connection between the 
cylinder and diaphragm had the effect of slightly increasing the 
clearance and of changing the phase of the pressures between the 
cylinder and disk. One of many ways tried by Professor Dal by 
to get a reliable record of pressure was by partly filling the pressure 
chamber with a disk turned and fitted exactly to the shape of the 
diaphragm, leaving as small a clearance as possible. 

Another instance of the development of the Watson Optical 
Indicator is given in the modifications* devised by Dr. Moss and 
Mr. W. J. Stern, of the Air Ministry Laboratory. The corrugated 
diaphragms showed fatigue and hysteresis effects when exposed to 
high explosion pressures, and eventually cracked. A plane, flat 
disk of silicon steel, containing 1 per cent of silicon and 0-6 to 0-7 


* See Proc . Inst. Mech. E. f January, 1925, p. 1. 



24 


APPLIED THERMODYNAMICS 


per cent carbon, is employed, and after hardening at 800° C. by 
quenching in oil, and tempering to 440° C., is ground down to the 
thickness 0 05 in., suitable to withstand explosion pressures up to 
500 lb. per sq. in. The radius of tho disk exposed to the gas 
pressure is 0-95 in., and Young’s modulus 28-5 X 10 6 lb. per sq. in. 
Besides cooling the lower side of tho disk by circulation of water 
through a jacket, as in Fig. 9, a wick on tho atmosphoric side is 
kept moist by a drip of water, and tho temperature, indicated by 
a rivet of copper-constantan, forming a thermo-couple, in tho centre 
of tho disk, is less than 50° C. under full load conditions. The 
mirror frame M, Fig. 9, is rigid, yet adjustable, and oscillates about 
two knife-edges kept in grooves of tho hardened under-surface of 
the table, giving greater surface than the steel points originally 
used. In order to reduce mechanical vibration, the camera is 
reduced to half size and made of aluminium plate. The indicator 
diagrams are thereby reduced to half sizo, and have to be enlarged 
to find tho indicated mean effective pressure. 

During a series of tests* of a 40 H.P. single-cylinder Benz engine, 
this optical indicator and the R.A.E. electrical indicator (see below) 
were both connected to the engine and diagrams obtained simul¬ 
taneously. The values of the indicated M.E.P. were identical for 
pressures up to 80 lb. per sq. in., and for mean pressures up to 
115 lb. per sq. in. agreed within less than 1 per cent. 

Optical indicators are also made of the piston type , with very 
stiff springs made of steel strips fixed like a beam, and the deflection 
tilts a mirror. In the Hopkinson Indicator the beam rests in grooves 
at both ends and is held by set screws. The indicator designed by 
Professor F. W. Bur stall has a cantilever or beam encastre at one 
end. The sectional area of the indicator cylinder is J sq. in., and 
the total motion of the piston, controlled by the spring, is about 
0 08 in. The spring is not exposed to the hot gases, and both the 
cylinder and indicator cock are water-cooled. One mirror is attached 
to the spring and reflects the light to the second mirror, which 
is driven through a small angle from the engine piston, or other 
mechanism, and throws the light on the screen of the camera. 
This indicator is adapted for speeds up to about 1,000 r.p.m. At 
higher speeds and rapid explosions tho inertia effects, friction, and 
vibration may be reduced but cannot quite be got rid of in the 
piston indicator. 

In this type the indicator spring can be easily calibrated. The 
instrument has only to bo inverted and known weights applied, so 
that the axis of the load passes through the centre of the spring. 

The Electrical Indicator of the “ balance ” type, for high-speed 
internal combustion engines, has novel features. This instrument 
was designed by G. H. Norman, and developed by Harry Wood at 
the Royal Aircraft Establishment. It consists essentially of a light 
♦ The Automobile Engineer , 1923. 



HEAT , WORK , POWER AND ENERGY 


25 


disk -4, Fig. 11, floating between two seatings about 0-01 in. apart, 
and guided by a spindle electrically insulated at D , and connected 
to the primary circuit E of an induction coil. The current is 
“ earthed ” when the disk makes contact with either of the seatings. 
One side of the disk communicates by the indicator cock B with 
the combustion chamber in the ongine, through the cylinder wall F, 
and the other side is exposed to compressed air through C . This 
balance disk-valve acts as a contact-breaker in the primary circuit. 



Fio. 11. Balance Disk-valve 


At the instant when the varying pressure in the cylinder just exceeds 
the known air pressure, or in decreasing comes below it, the disk 
passes from one seating to the other, and, in doing so, breaks the 
electric circuit, and a spark passes between the pointer and a 
revolving drum and perforates a sheet of paper on the latter. Thus 
for any given pressure there are two points of balance in a cycle, 
one when the pressure is increasing during compression, and the 
other during the expansion stroke. By gradually increasing the 
air pressure, a pair of points will be pricked out for each cycle, and 
these points come nearer together until the peak of the diagram is 
reached. About 100 cycles in the engine cylinder are required to 
prick out a single card, Fig. 12, giving the average pressures. 

The drum, about 12 in. circumference and 9 in. long, is driven 
from the engine camshaft, or at half speed of the crankshaft. 
Compressed air bottles supply air through a distribution box and 
(7, Fig. 11, to act on tho disk-balance valve, and by another pipe to 
move the indicator piston, which is controlled by four spiral springs, 
and operate the multiplying parallel motion. This linkage deter¬ 
mines the position of the sparking point, which is moved parallel 
to the axis of the drum and at a constant distance from the paper. 
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The linkage makes the motion of the spark point about eight times 
that of the indicator piston and gives a very large diagram. 

The indicator diagram, Fig. 12, is timed or synchronized by 
turning the engine crankshaft until the piston is on the top centre 
(T.C.) of its compression stroke, and a line is then scribed on the 
recording paper drum opposite the spark point. 

The autographic record on a time base is readily converted to the 
ordinary p.v. diagram on a stroke base. 

Air bottles are needed to supply air (1) at a pressure higher than 
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Fia. 12. Electrical Indicator Diagram 
Engine speed = 1,400 r.p.m. 


that to bo measured, and (2) at reduced pressure for recording 
pressures below atmospheric. 

The recording mechanism is kept apart from the engine; only the 
balance disk-valve unit is screwed into the combustion chamber. 
In the case of a four-cylinder engine, the primary circuit connection 
of the balance disk-valves on the cylinders were joined through a 
four-way switch to the induction coil. The compressed air was 
supplied from a common chamber, and the four cylinders were 
indicated simultaneously in their firing sequence on one recording 
drum. The auxiliary apparatus required for this indicator, includ¬ 
ing battery and induction coil with condenser, is fitted inside 
a casting carrying recording drum, indicator cylinder, and linkage. 

This indicator was fitted in an aeroplane, driven by a 450 H.P. 
Napier-Lion engine, the recording mechanism being 11 ft. from the 
cylinder under test. The aeroplane flew to a height of 10,000 ft., 
and indicator diagrams were taken in flight for the first time by 
Mr. Harry Wood, on 3rd February, 1923. Fig. 13 is a reproduction 
of the diagrams taken at 5,000 and 10,000 ft. ; Fig. 14 shows the 
p.v. diagrams obtained by conversion, on a time base, of those 
recorded. The ratio of the indicated mean effective pressures at 
different altitudes was the same as the ratio of the air densities. 

The Cathode-ray Engine Indicator. This indicator consists of a 
magnetic pressure pick-up which converts the cylinder pressures 
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into electric potentials, these potentials being magnified by a valve 
amplifier, the output of which operates a cathode-ray tube, to 
produce a picture of the changing cylinder pressure. 



Kia. 13. Diagrams Takkn on an 
Aeroplane in Flight 



Napier Lion Engine in Aeroplane 
Height. R.P.M. I.M.E.P. 

500 feet 2,150 148-0 

5,000 feet 2,140 124-0 

10,000 foot 2,100 108-0 

The pressure pick-up attached to the engine cylinder contains a 
diaphragm to which small movements are given by the changing 
pressure, thus causing small voltage fluctuations in a search coil 
situated in the pick-up. This varying voltage is magnified in the 
amplifier, and is applied to the vertical deflecting plates in the 
cathode-ray tube, producing a vertical movement of the fluorescent 
spot on the screen, proportional to the rate of change of pressure 
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in the engine cylinder. This vertical movement can be converted 
to one proportional to the pressure by means of an integrating 
circuit in the amplifier. 

In order to produce a horizontal time base a condenser in the ' 
amplifier is gradually charged through a high resistance, the volt¬ 
age causing a horizontal movement of the fluorescent spot in the 
tube. This condenser is short circuited once each revolution of 
the engine, by a contact-breaker attached to and rotating with 
the engine shaft. Thus the spot gradually moves on the screen from 
say left to right for the major portion of the engine revolution, and 
on short circuit flies back almost instantaneously from right to left. 

Thus a rate of change of pressure diagram or, by means of the 
integrating circuit, a pressure-time diagram is obtained. 

In order to relate any point on the diagram with the corresponding 
position of the engine shaft, the rotating portion of the contact 
breaker is provided with a disk, slotted on the periphery in intervals 
of one or two degrees. A stationary magnetic pick-up situated at 
the edge of this disk, produces magnetic variations in a similar 
manner to the pressure unit. The variations of voltage so produced 
are applied to the time base circuit, thus giving a degree scale on 
the cathode-ray tube screen. The necessary motive power is provided 
by a small electric generator actuated by a battery. 

To take Indicator Diagrams with the ordinary pencil indicator, 
the stiffness of spring is chosen appropriate to the maximum 
pressure in the engine cylinder (p. 16). The indicator should bo 
tested and the pressure scale calibrated, by comparison with a 
standard Bourdon gauge or a mercury column when both are acted 
upon by steam at high temperature, readings boing taken at steady 
pressure which is gradually increased and decreased, giving parallel 
lines on the paper drum for equal intervals of pressure. When 
fixed to the indicator cock screwed on the engine cylinder, the 
passage thereto should be as short and direct as possible, and the 
indicator piston must be kept well lubricated, clean, and as cool as 
possible. The pencil or tracing point should touch the paper drum 
very lightly to reduce friction. The diagrams should be takon at 
regular intervals during an engine trial. 

In order to obtain a mean indicator diagram by the method of 
ordinates, carefully measure the average ordinate at each equi¬ 
distant point along the diagrams taken during the test. Plot to a 
largo scale the pressures so averaged, and the smooth curve drawn 
through the points will represent the mean diagram. 

The mean effective pressure* p lb. per sq. in., acting in the ongine 
cylinder may also be measured rapidly and directly from tho 
indicator diagrams by the use of a planimeter. 

The indicated horse-power of an engine is the average rate at 
which work is done by the gas or vapour on the piston, as calculated 
from the mean indicator diagram. Let a represent the cross-sectional 
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area of the cylinder in square inches, l the length of piston 
stroke in feet, and n the number of explosion cycles or indicator 
diagrams traced per minute. Then for every diagram or p.v. cycle 
pa lb. represents the total mean effective pressure or force driving 
the piston, and palltAb. the work done by the gas or vapour on 
the piston in one explosion or for every diagram. Hence the 
product plan ft-lb. gives the work done on the piston per minute, 
and this rate of working is the 


Indicated horse-power 


plan 

= 33,000 ‘ 


(7) 


When working out the indicated horse-power from a large number 
of indicator diagrams taken during a trial, the calculation is made 
easier by finding the value of the cylinder constant which is the pro- 

la 


duct of the constant factors 


33,000’ 


and this, multiplied by p x n, 


gives the indicated horse-power. 

Jn an internal combustion engine, n represents the number of 
explosions per minute. Thus the indicated power is the area of the 
indicator diagram multiplied by the number of diagrams or explo¬ 
sions per minute, and by the appropriate constant for reducing to 
horse-power. In a single-acting steam engine there is one cycle per 
revolution, so that n is the number of revolutions per minute. In 
a double-acting steam engine there are two p.v. cycles or diagrams 
per revolution, so that in this case ?i is twice the number of revolu¬ 
tions per minute, that is, the number of piston-strokes per minute. 
Also, on one ski■» of the piston the effective area is a, minus the 
sectional area of the piston-rod or tail-rod, and the mean pressures 
on each side of the piston will be p x and p 2 on effective piston areas 
a x and a 2 respectively, then the 


Indicated horse-power 


(Pi ( * i “b PiP'^-W' 

33,000 


( 8 ) 


where n is the number of revolutions per minute, and l the length 
of stroke in feet. 


Example 4. Explain what is meant by the mean effective pressure of an 
engine, and show how its valuo is obtained from an indicator card. Average 
cards taken during a trial have an area of 4*2 sq. in., and a length of 3*0 in., 
and the scale of the spring used is 1/60. The engine indicated had a cylinder 
diameter of 15 in., a stroke of 30 in., and ran at 120r.p.m. Estimate the 
average I.H.P. developed during the trial. ( A.M. Inst.C.E ., 1923.) 

The mean effective pressure on the piston is measured by the 
average width of the indicator diagram multiplied by the scale 

4-2 

number of the spring used. In this case, M.E.P. = x 60 = 841b. 

77 

per sq. in., and the effective piston area = |* X 15 2 = 176*7 sq. in. 
the average force on the piston = 84 X 176*7 lb. 
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The work done on the piston per revolution = 84 X 176*7 X 
ft-lb. 12 

, 84 x 176*7 X 30 X 120 

the average indicated horse-power == ^3 qqq ><^12 - 

= 134*9 Answer. 


If the engine is double-acting, giving two diagrams per revolution, 
the indicated horse power = 270, nearly. 

Example 5. A double-acting steam engine has cylinder 18 in. in diameter, 
piston stroke 30 in., piston-rod 6 sq. in. sectional area, speed 120r.p.m. By 
planimeter measurement of the indicator diagram, the mean pressure on one 
side of the piston is 31, and on the other side 30 lb. por sq. in. Find the 
indicated horse-power. 

The sectional area of cylinder is rr X 9 2 = 254*6 sq. in., and the 
effective piston area on one side, found by deducting area of piston 
rod, is 248*5 sq. in. Substitute these values in equation (8), and 
we have 

T j, (31 X 254*5 + 30 X 248*5) X 2*5 x 120 

Indicated horse-power ==- 33000 - 

= 139*4 Answer . 


Again, if we take the average mean pressuro J(30 -f 31), or 
30*5 lb. per sq. in., and the sum of areas on the two sides of piston 
503 sq. in., the work done by the steam on the piston per revolution 
is 30*5 x 503 x 2*5 - 38,354 ft-lb., and the 


Indicated horse-power 


38,354 x 120 
33,000 


139*47 


Also, in this case, neglecting the sectional area of the piston-rod 
which prevents the steam acting on that part of the piston, the 
average of the mean pressure gives the average force driving the 
piston = 30*5 X 254*5 = 7,762 lb. ; and the work done by the 
steam per stroke = pal ~ 7,762 X 2-5 ft-lb. = 19,405 ft-lb. 

There are 2 X 120 strokes per minute, and we have 


Indicated horse-power = 


19,405 X 240 
33,000 


= 141*1 


Obviously 140 H P. is a close enough approximation, within the 
limits of error of the mean pressuro obtained by the ordinary piston 
and pencil indicator, and may be used when the; effective piston 
areas are nearly equal and the mean pressures differ only slightly. 

The brake power of an engine is the effective power delivered at 
the crankshaft or brake wheel, and available for external work. 

Mechanical efficiency is the ratio of the brake to indicated power. 

The difference between the indicated and brake power is the 
mechanical loss , i.e. that part of the indicated power which is wasted 
in overcoming the internal resistances of the engine, including: 
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(1) piston friction due to the inertia of the piston and reciprocating 
parts, and friction of piston-rings ; (2) friction of the bearings, 
valves and other parts of the mechanism, caused by resistance to 
relativo motion ; (3) fluid resistance in the pumping strokes of the 

piston of the internal combustion engine. 

In this type of engine the total mechanical losses under good 
conditions at normajkload usually vary from 10 to 20 per cent of 
the indicated power, or the mechanical efficiency is from 90 to 80 
per cent. 

Suppose an engine at full load and normal speed develops 
100 I.H.P., and of this 10 H.P. is absorbed in internal friction, 


then the brake horse-power will be 90 and the mechanical efficiency 
90 per cent. If the load is reduced to 40 I.H.P. and the mechanical 
losses remain the same 10 H.P., now the brake horse-power is 30, 


and mechanical efficiency becomes —, or 75 per cent. At full load 


the friction on the bearings may increase slightly, owing to increased 
pressure, even with good lubrication ; on the other hand, the fluid 
or pumping loss is then less than at no load. The results of careful 
tests givo the total mechanical losses 12 per cent of the indicated 
power, and of this piston friction absorbs one half, or 6 per cent, 
bearing friction 3 per cent, and fluid friction 3 per cent. However, 
in some very high-speed petrol engines, piston friction alone accounts 
for 50 to GO per cent of the total mechanical losses. 

When this typo of engine is running at half load or less than full 
load, the mean effective pressure in successive cycles is variable. 
Hence tho uncertainty of the correct value of the indicated power 
at less than full load, which could only be measured directly by an 
accurate integrating indicator, and the instruments of this kind 
available are unsuitable for high-speed engines. 

Without using the ordinary pencil indicator, the indicated horse¬ 
power and mechanical efficiency of an internal combustion engine 
may bo estimated indirectly from tho brake horse-power, which 
can bo measured accurately. 

(1) One method adopted by tho Committee of tho Institution of 
Civil Engineers in gas engine trials, depended on the accuracy of 
measurement of the gas supplied to the engine. Keep the speed 
constant and assume friction the same at different loads. Measure 


the brake horse-power and total gas used per hour at full load and 
half load. Plot the total gas as ordinates against brake horse-power 
as base line. Thus at full load point, A, the vertical AB represents 
total gas used ; at half load point, C , the vertical CD represents the 
total gas at half load. Produce the line through the points B and 
D to meet the vertical through no load point, E, at F. Draw DL 
parallel to base line AE. Then BL represents tho gas required to 
change the brako power by the amount DL, and, provided the 
friction remains constant, this quantity of gas per hour would 
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change the indicated horse-power by the same amount. Hence the 
ratio BL to DL is the gas per indicated horse-power hour, and 

gas per I.H.P. hour 


mechanical efficiency at full load = 


gas per B.H.P. hour 


( 2 ) In high speed multicylinder petrol engines, the method devised 
by Mr. L. G. E. Morse to find the mechanical efficiency consists in 
measuring the brake power of the engine when all the cylinders are 
working at constant speed and full load. Then the ignition of one 
cylinder is stopped by cutting off the curront, and the brake load 
reduced until the engine speed is brought up to its normal value. The 
reduction in the brake horse-power is approximately the indicated 
horse-power of the cylinder which has been cut out. Treat the 
other cylinders in the same way, and the sum of the results is 
approximately the indicated horse-power of the engine at constant 
speed. Mr. Morse points out that the value so obtained is too high, 
and he deducts the power between the compression and expansion 
in a cylinder not firing. Also the pumping and fluid losses aro 
usually greater in a cylinder when not firing than when firing. 

(3) Another method is to measure the power required to drive 
the engine at normal speed without external load ; then, assuming 
the mechanical losses constant at all loads, the indicated horse¬ 
power at any load is the brake horse-power added to the indicated 
power at no load. The engine is driven, without load, at normal 
speed by an electromotor, and the power absorbed is measured ; 
but the working conditions are different, as also the friction and 
fluid losses, when the engine is firing. 

The power wasted in overcoming all the internal resistances of an 
engine may be expressed as the equivalent torque on the crankshaft 

at a given speed. Thus- —= H.P., or T —-, whero T 

00*) ( X ) 

is torque or resultant turning moment in lb-ft., and o the angular 
velocity in radians per second. Suppose the difference between the 
indicated and brake horse-power of an engine is 5 II.P., which is 
absorbed or wasted in the engine when the speed is 300 r.p.m. or 
2 n y 300 

- - -= 31-42 radians per second, then 

60 5 v *5*0 

the equivalent frictional torque T = -—-—— = 87-53 lb-ft. 

31-42 

The total frictional torque T on the crankshaft at a given speed 
may be made up of tho torque T 0 when the engine is running light, 
and a part, T v proportional to tho brake horse-power, then 

T=T 0 + a. T v 

where a is a constant which can be found, as well as tho frictional 
torque at no load, from two determinations of the indicated and 
brake horse-power of an engine at different speeds. 
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ml 7 • i /yv . Brake horse-power 

1 he mechanical efficiency , m = --—---, 

Indicated horse-power 

brake horse-power = m X indicated horse-power. 

From equation (7), page 29, we have 


brake horse-power 


m X pa 
: 33,000 


X 


s 

12 


x 2 


whore n = revolutions per minute, 

and s ~ stroke in inches, 

d = cylinder diameter in inches 

or, brake horse-power = mp x^d 2 X ~X 

mp . d 2 . sn 
= 1,008,410 


and, 


mp 


1,008,410 X brake horse-power 
d 2 sn 


that is, 


0 ) 


The product mp is called the “ brake mean effective pressure ” 
which may bo determined from brake tests, and is found to increase 
with the bore of the cylinder in high-speed petrol engines. 

Assume that, in the ordinary petrol engine, mp is 84 lb. per sq. in. 
at 1,200 r.p.m., then by equation (9), a rough estimate of the brake 

. d-s 

horse-power = —. 

The brake horse-power is measured by a brake or dynamometer 
applied to a wheel on the crankshaft. In friction-brake dynamo¬ 
meters all the power of the engine is absorbed or spent in friction 
producing heat. 

A simple and accurate friction brake, invented by Lord Kelvin, 
consists of a rope, or couple of ropes, carried once round a pulley 
fitted on the crankshaft, with weights hanging freely on one end to 
oppose the motion of the engine, and a spring balance gives the 
vortical pull at the slack end of the rope. The rim of the pulley 
should bo flat and not rounded. The little wooden cross-pieces, 
with grooves to keep the ropes from slipping off, should be laced 
to the ropes and not fastened by nails to touch the rim of the 
wheel, and thereby become heated by friction so as to burn the 
rope. 

When each block of wood is lubricated with tallow and plumbago, 
the coefficient of friction is steady between 0-14 and 025, depending 
on the load ; when tho wood is covered with lubricated leather, the 
coefficient of friction for the different loads is nearly the same as 
with rope contact from 0-15 to 0-35, and tho brake runs smoothly 
and steadily. The friction may be increased by fixing ferodo on 
the wood. 
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For any given load or resistance, W (Fig. 15), the pull S t in the 
spring balance at the slack end of the ropo varies slightly, due to 
alterations in the coefficient of friction, jli, caused by heating of the 
wheel and drying of the ropo. On this account, frequent readings' 
of the spring balance must be taken to obtain a correct average 
value. 

The work done by the engine in overcoming the frictional resis¬ 
tance of the brake is converted into heat at the surface of the 
wheel, warming up the rim rapidly, and consequently the brake 
pulley must be water-cooled to prevent overheating. 

A brake pulley is usually made with flanges on the rim, forming a 
trough outside, which dispenses with the wooden blocks, and inside 

the rim the trough for cooling 
water prevents overheating. 
Water drips continuously into 
this trough, and centrifugal 
force, due to speed of rotation, 
keeps the water against the 
rim, where it evaporates ; or, 
for cooler running, any surplus 
water is scooped aw <*y by another 
pipe. The water supply should 
be turned off before the end of a 
test to allow time for the water 
in the rim trough to evaporate, 
otherwise, as the engine slows 
down, any water in the trough 
falls and splashes all around. 

If 0 is the angle, in radians, 
subtended at the centre by the arc of contact between the pulley 
W 

and rope, then = e' l ^ y where e = 2-71828, and a is the co- 

o 

efficient of friction between ropo and pulley. 

In order to keep S a small fraction of W, the an do 6 is made 
large. Usually, with the rope once round, when 0 = 27r, the ratio 

— may be constant at ~ to g- for a dry rope. 

The load or resistance is adjusted by the weight, W lb., and the 
pull, S lb., in the spring balanco changes automatically. 

The difference of the vertical pulls, (\V - S) lb., at the ends of the 
rope, multiplied by the effective radius, R y measures the total turning 
moment or mean torque , T, on the crankshaft, necessary to over¬ 
come the frictional resistance— 

t = (fF-tf)/nb-ft. 

R is the effective radius of the brake measured from the axis of 
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rotation to the centre of the rope where the vertical pulls are 
applied. 

At tho speed n r.p.m. of the wheel, 27m radians is the angle turned 

27m 

through per minute ; and tho angular velocity a) = radians 
per second. Then the work done per second is Tco, and the 


brake horse-power = - 


2rmR(W-S) 

33,000 


where 2ttR ft. is the circumference measured round the centre of 
tho rope. 

Alternative Method. Tho pull of the freely hanging weight, W lb., 
may bo regarded as the load or resistance opposing tho rotation of 
the brake wheel, while the 
vertical pull 8, at tho slack end 
of the rope, helps the engine, 
so that the difference of tho 
vertical and opposito pulls on 
the two ends of the rope, 

(IF — *S T ) lb., represents the net 
load or frictional resistance of 
tho brake. The work done by 
the engine in overcoming this 
frictional resistance is 2ttR(W 
- aS t ) ft-lb. per revolution, where 
2ttR ft. is the effective cir¬ 
cumference of the brake, or 
tho distance through which 
the resistance is overcome dur- Fra. 16 . Roi , k brake 

ing one revolution. When tho 

brake wheel is making n r.p.m., the rate of working or power is 
2ttRii(W - S) ft-lb. per minute, and we have the 



brake horse-power 


27t2?7?(1F-£) 

33,000 


Thus, (he difference of the pulls , in pounds weight , at the ends of a 
rope or bell on a pulley , multiplied by the rim speed , or velocity , in feet 
per minute , and divided by 33,000, gives the horse-power either absorbed 
or transmitted by the rope or belt . 

In the case of high-speed motors up to 40 or50H.P.,a spring- 
balaneo is commonly applied at each end of the rope, which is 
wound once round the water-cooled brake pulley, Fig. 16. 

The load, W lb., opposing the motion of the engine can be readily 
adjusted by having one end of tho rope carried over a pulley, while 
tho pull on the spring-balance, S lb., at tho tail end changes 
automatically, depending on tho friction, and must be observed 
frequently, owing to changes of tho frictional resistance between the 
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rope and pulley. Care should be taken to keep a steady water 
supply to the brake wheel. 

Example 6. Ill a brake test of an engine, the diameter of the water-cooled , 
brake wheel fitted on the crankshaft is 24 in., and that of rope, wrapped 
round the wheel, is 1 in. The rope is kept at rest by a vertical pull of 316 lb. 
on a spring balance at one end opposing the rotation of the shaft, and a 
vertical pull of 85 lb. on the tail end, when the speed is 1,200 r.p.m. Calculate 
the mean torque on the shaft, and the brake horse-power. 


25 


The effective radius of the brake wheel is . 

a&ib* 


25 

exerted by the shaft is (315 - 85) ^ 


ft., and the torque 


The angular velocity co = ^ 

and therefore the 


X 2ir = 125-66 radians per second, 


, . , Tco 239-58 x 125-66 

brake horse-power = = —-= 54-74 

1 550 550 


Answer. 


Otherwise , the net load on the brake is 315-85 = 2301b., and 
the work done by the engine in overcoming this resistance through 

Therefore, at 1,200 r.p.m., the 


one revolution is 230 X ft-lb. 

1 z 


brake horse-power = 230 X 


25 x 3-1416 1,200 


= 54-74. 



Fro. 17. Froude Water 
Brake (Half Section) 


12 " 33,000 

Water Brake. In 1877 William 
Froude invented the hydraulic 
brake to measure the power of 
large marine engines.* A central 
wheel A, Fig. 17, is keyed to the 
engine shaft, and consists of two 
similar parts bolted together at 
B, and is enclosed in the outside 
casing, C , like an annular box 
which is free to turn on the shaft. 
The ring of the central wheel, or 
rotor, is divided into semi-elliptical 
vanes or cups inclined at 45° to 
the vertical plane of rotation. 
Facing these, on both sides, there 
are similar vanes or baffles around 
the casing, with clearance from the 
rotor. The water inlet is at D and 
tho outlet at E. When the casing 


is full of water, and the engine turns the central wheel, A , the 
water is under the influence of centrifugal force, and the pairs of 

• Proc. Inst. Mech.E ., 1877. 
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opposite vanes, when they come together, form egg-shaped pockets, 
in which the centrifugal action produces vortices in a plane at 45° 
to the axis. The vortices, on ono side of the brake, whirl in the 
opposite direction to those on the other side, and so balance 
reactions parallel to the axis of the shaft. 

The other component of the centrifugal pressure acts on the 
casing, and the turning moment of the shaft, producing the motion 
of the water, must balance the moment of resistance of the outer 
casing, which is measured by the torque applied by weights on a 
lever rigidly fitted to the casing. 

Tho casing is always full of water, and the resistance is regulated 
by thin metal sluices between tho vanes of the central wheel and 
casing. 

Tho work done by the engine against hydraulic friction is con¬ 
verted into heat, which warms the water flowing away by the 



Fio. 18. Reynolds-Froude Hydraulic Brake 


outlet E. Tho work done per minute is equal to the torque multi¬ 
plied by 2n times tho revolutions of tho shaft per minute. 

Reynolds-Froude Hydraulic Brake. Professor Osborno Reynolds 
dosigned a modification of the Fronde brake,* without the sluices, 
which has constant atmospheric pressure at the centre of tho hollow 
vortices in tho brake wheel, even when the 24 pockets on both faces 
of the rotor are only partly full of water. The essential feature is 
that small holes, drilled in tho walls of the casing buckets, allow any 
air brought into the wheel by the water to escapo to the atmosphere. 
Also the resistance of tho brake is regulated automatically by tho 
quantity of wator in the wheel by tho water-cocks D and E, Fig. 18. 
A slight clockwise motion of tho casing and lever, B, about the shaft, 
partly opens tho outlet E } and, through the linkage L, partly closes 
the inlet D , thus reducing tho quantity of water in the brake. By 

* Proc. Inst. C. E. t Vol. 99, p. 167; and Phil. Trans., Vol. 190 (1897>, 
pp. 305-422. 
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adjusting the handle wheel, H , this regulation is made more sensitive. 
The water supply enters radially, passes through the holes in the 
vanes of wheels, and by centrifugal action from the central cavity 
to the vortex pockets, enters the outer chamber between the wheel 
and casing, which is always full when the wheel is running, and 
leaves the casing radially through E to the trough T. The weights, 
W t hang on a knife-edge, and the dash-pot piston, P, moves freely 
in oil to steady the motion of the lever and damp out oscillations 
set up by fluctuation in the speed of the engine. The jockey weight, 
J 9 on the lever B f is adjusted by a fino screw, while the balance 
weight, F , compensates the weight of the lever arm By and the 
jockey weight, J, when not loaded. 

Froude Hydraulic Dynamometer. A typical cross-sectional 
drawing of a modem Froude Dynamometer as manufactured by 
Messrs. Heenan & Froude, Ltd., is shown in Fig. 19. 

The main shaft is carried by bearings fixed in the casing (not in 
external supports). The casing in turn is carried by anti-friction 
trunnions, so that it is free to swivel about the same axis as the main 
shaft. When on test the engine is directly coupled to the main 
shaft transmitting the power to a rotor revolving inside the casing, 
through which water is circulated to provide the hydraulic resistance 
and simultaneously to carry away the heat developed by destruction 
of power. 

In each face of the rotor are formed pockets of semi-elliptical 
cross-section divided one from another by means of oblique vanes. 
The internal faces of the easing are provided with liners wdiich are 
pocketed in the same way. Thus, the pockets in rotor and liners 
together form elliptical receptacles round which the water courses 
at high speed. 

When in action the rotor discharges water at high speed from its 
periphery into the pockets formed in the casing liners, by which 
it is then returned at diminished speed into the rotor pockets at a 
point near the shaft. 

The resistance offered by the water to motion of the rotor re-acts 
upon the casing, which tends to turn on its anti-friction roller 
supports. This tendency is counteracted by means of a lever arm 
terminating in a weighing device which measures the torque. 

From the above description it will be seen that the forces resisting 
rotation of the dynamometer shaft may be divided into three main 
classes— 

(а) The hydraulic resistance* created by the rotor. 

(б) The friction of the shaft bearings, which are usually of the 
ball type. 

(c) The friction of the glands. 

It will be noticed that every one of these forces re-acts upon the 
casing, which being free to swivel upon anti-friction trunnions 
transmits the whole of the forces to the weighing apparatus. 



Fig. 10. Herman A Fkoci>e Dynamometer 


1. Spring Balance 

2. Tachometer 
Water Out lot Valve 

4. Sluice dates for Load Control 

5. llotor 


(*. Water Inlet Holes in Vanes 
7. Casing Liners 
S. Shaft Hearing 
t). Casing Trunnion Bearing 
10. Water Inlet Valve 


By kind permission of Messrs. Hoe nun & F rondo Ltd., Worcester 
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Thus, every force resisting rotation of the engine shaft is caused to 
re-act upon the weighing apparatus. This ensures scientific accuracy. 

Referring to the diagram, Fig. 19, it will be noticed that between 
the rotor and the easing liners are interposed thin metal sluice gates, 
which can be advanced or withdrawn by means of a single-hand- 
wheel. If these sluice gates be moved towards the main shaft they 
will cut off communication between the rotor and a number of cups 
in the casing liners, with the result of diminishing the effective 
resistance of the dynamometer, and vice versa. 

This method of adjusting the load to suit the capacity of the engine 
can be operated while the dynamometer is running, so that in a short 
space of time a power curve can bo obtained over a wide range of speed. 

The Swinging Field Electric Dynamometer. This consists of an 
electric generator, with the casing and field windings mounted in 
trunnions. The armature is connected to the engine under test. 
When running, the easing and Held coils tend to rotate in the trun¬ 
nions, this rotation being prevented by a ton pie arm loaded with 
weights or spring balances, from which the engine load can be 
determined. The output from the generator is dissipated in electric 
resistances, and the load is controlled by varying these, and the 
field resistances. 

The Heenan-dynamatic Dynamometer. In this machine made by 
Messrs. Heenan and Froude, the dynamometer rotor has the 
appearance of a toothed gear wheel of wide face and coarse pitch, 
the teeth forming magnetic poles. The rotor runs with a slight 
clearance inside a stator having a smooth cylindrical bon'. Tn the 
stator are arranged one or more field coils, circumferentially wound, 
designed for excitation by a small amount of direct current. 

Application of this current produces a magnetic flux which links 
the rotor with the stator. The concentrations of flux thus created 
give rise to induced eddy currents, which, interacting with the main 
field concentrations, tend to resist rotation of the rotor. The forces 
opposing rotation re-act upon the stator assembly which tends to 
turn upon its trunnion bearings, this tendency being counteracted 
by means of a lever arm connected to a torque' measuring apparatus. 

The load imposed on the engine under test is governed by the 
amount of excitation current passed t hrough the field coil. 

The Mechanical Equivalent of Heat. James Prescott Joule, of 
Manchester, was the first* to prove that when heat is produced by 
mechanical, electrical, or other means, the quantity of heat generated 
by the friction of bodies is always proportional to the quantity of 
energy expended, and that the production of 1 unit of heat always 
requires a certain number of units of work to be spent. In other 
words, Joule demonstrated the constant relation between the mech¬ 
anical work spent in producing heat and the amount of heat produced. 
Also, in accordance with the principle of the conservation of energy 

• Joule's Scientific Papers , Vol. I, p. 149. 
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in the conversion of heat into work, when work is done by means of 
heat in the cylinder of any heat engine , a definite quantity of heat 
disappears for every unit of work done , and, conversely, when heat is 
generated by mechanical energy , the same definite quantity of work is 
spent which is the equivalent of every unit of heat generated. The 
relation between heat and work is called Joule’s equivalent (J). 
Whonever W units of mechanical energy are wholly expended in 
generating Q units of heat, W = JQ. This law of equivalence of 
heat and work is the first law of thermodynamics. 

Joule showed by experiments, from 1842 to 1849, in which the 
potential energy of raised weights was spent in turning a paddle, 
which generated heat by churning water in a vessel, and observing 
the rise of temperature, that the quantity of heat produced by the 
friction between tho metal paddles and water is always proportional 
to the mechanical energy expended. The mean result was that 
772 ft-lb. of work generated heat enough to raise the temperature 
of 1 lb. weight of water 1° F. on the mercury thermometer, between 
55° and 60° F. Joule concluded that 772 ft-lb. was equivalent to 
1 B.Th.U. 

Experiments by electrical heating, based on the valuo of the 
British Association unit of electrical resistance, gave the result 
J = 782-5, which did not agree with the value of J obtained from 
tho friction of fluids. So, in 1878, Joule made another series of 
experiments. Tho method adopted was to revolve a paddle in a 
calorimeter containing water, and suspended from a bearing on the 
vertical axis of rotation, and to measure the heat produced. 

The friction between the water, driven by tho paddle, and the 
walls of tho calorimeter produced a turning moment. The work 
done, W, measured by the product of the lifted weights w, to keep 
the calorimeter from turning, 27 tR the effective circumference of the 
groove around the calorimeter, and n tho number of revolutions of 
the paddle, was W = 2irRnw. The result, reduced to the sea level 
at Greenwich, becomes 773-49 ft-lb., equivalent to 1 B.Th.U. for 
the temperature GO 0 to 61° F. on the mercury in glass thermometer. 
Taking weights in vacuo t J = 772-55 ft-lb. When afterwards 
reduced to tho scale of an air thermometer standardized by Professor 
H. A. Rowland, at Baltimore, and for latitude 45°, the value of J 
was brought up to about 776 ft-lb. per B.Th.U. at 60° F. 

In 1879 Rowland repeated Joule’s experiment on a larger scale. 
The calorimeter was suspended by a torsion wire ; the w r ater was 
churned in a spiral direction by curved paddles with perforations 
to reduce the jerky resistance, the vertical spindle passing through 
tho bottom of tho calorimeter being driven from a steam engine. 
The work was measured by the friction balance method employed 
by Joule, by the moment of resistance necessary to prevent the 
calorimeter from turning owing to the friction of tho w r ater while 
the paddle was rotated. 
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Rowland discovered that tho capacity for heat of water diminishes 
as the temperature rises from 0° to about 30° C. over tho range of 
temperature 5° to 35° C. He found tho B.Th.U. equivalent to 
776*8 ft-lb., the kilo-calorie equivalent to 426*2 kilogramme-metres 
in latitude 45° at 20° C. on the air thermometer, and tho gramme- 
calorie equivalent to 4*18 joules. This absolute value of J also 
depends on the scale of temperature, whether on the hydrogen, 
nitrogen, or mercury in glass thermometer. 

Professor Reynolds and Mr. W. H. Moorby made a determination 
of the mechanical equivalent of heat by using the Reynolds-Froude 
brake driven by a 100 H.P. steam engino at 300 r.p.in. The brako 
gave the exact amount of work expended in raising tho temporature 
of water between the two physically fixed points, tho temperature 
of melting ice and that of water boiling, under standard atmospheric 
pressure, by the agitation of the water in the hydraulic brake. The 
heat so generated was discharged in the water which entered ice- 
cold and, after circulating through the brake, left at the boiling 
point ; then the water was cooled and allowed to flow into a tank 
on a weighing machine. Steam was prevented from forming by a 
pressure head of 11*3 ft. Before every trial tho brake was balanced 
without load, but filled with water in the same conditions as during 
the trial, when tho lever was always kept level. Standardized 
thermometers indicated the temperature of tho water entering and 
leaving the brake. In heavy trials the torque or moment of resist¬ 
ance was 1,200 lb-ft., and in the light trials 600 lb-ft. Differences 
were taken for each pair of heavy and light loads to eliminate 
friction and other losses. Tho average corrected result of 44 
reliable trial runs, each of 62 minutes* duration, was— 


Trials 

Torque 

(lb-ft.) 

Average Work 
(ft-lb. per trial) 

Heat Given to Water 
(lb. degree V) 

21 heavy 

1200 

134,337,403 

171,510 

23 light 

600 

61,356,603 

77,710 

Differences . 

72,981,900 

93,800 


This gives 


Work done (ft-lb.) 
Heat generated (lb. deg. F.) 


= 778*06 = J. (j). 41). 


After various small corrections, the mean value of the mechanical 
equivalent of heat, between the temperatures 32° F. and 212° F., 
is 777*91, taking the weights in air at Manchester. Reduced to 
sea-level, lat. 46° gives 777*6 ft-lb., equivalent to the mean British 
Thermal Unit. The unit so defined does not depend upon the scale 
of any particular thermometer. 

Joule also measured the heating effect of the electric current , and 
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found that the heat generated in an electric conductor is propor¬ 
tional to the work done, W , by the electromotive force or difference 
of potential at its terminals, e volts, in passing a given quantity of 
coulombs of electricity through the conductor, w = eq = eit= iht ; 
or the work in joules done by a steady electric current of i amperes 
in t seconds, in heating a conductor of r ohms resistance equals ihrt . 

Since the mean gramme calorie is equivalent to 4*1868 joules, it 
follows that the thermal equivalent of the work done by a steady 
current of i amperes flowing through a resistance of r ohms, 
generates in t seconds, 

heat in gramme calories = 0*239 i 2 rt, or 0*239— . t . (11) 

Professor E. H. Griffiths adopted this method of heating water in 
a calorimeter by passing an olectric current* through a thin platinum 
wire, coated with amber varnish, immersed in the water and having 
its ends kept at a constant difference of potential by a battery of 
Clark cells. The rise of temperature was measured by means of a 
platinum thermometer standardized by the air thermometer, and 
compared, under the same conditions as when used, with the 
nitrogen scale of the Bureau International, when the reading was 
found correct. 

The value of J deduced from the electric standards used, sub¬ 
sequently corrected for an error in the electromotive force of the 
Clark standard cell, was 4*187 joules = the gramme calorie at 20° C. 

Griffiths also confirmed Rowland’s result that the capacity for 
heat of water decreases as the temperature rises, over the range 
14° to 26° C. 

Callendar and Barnesf heated a continuous steady stream of 
water flowing through a fine tube by passing an electric current 
through a central wire. The difference of temperature between the 
inlet and outlet water was given by a single reading of a pair of 
differential platinum thermometers. The flow-tube and thermometer 
pockets at each end were sealed in a vacuum jacket to reduce loss of 
heat. The water jacket, around the vacuum jacket of the calori¬ 
meter, was kept at any desired temperature. 

The capacity for heat of water, measured by this method, shown 
in Fig. 20, agrees closely with the values found by Rowland. The 
result for the mechanical equivalent of the mean gramme calorie in 
absolute (C.G.S.) units between 0° and 100° C. is 4*1868 joules ; and 
the mean pound calorie (0° to 100° C.) is 1,400 ft-lb. The corre¬ 
sponding valuo for the mechanical equivalent of the mean British 

Thormal Unit is 1,400 X or 777*78 ft-lb. (London), and that of 

y 

tho kilo-calorie = 426-7 kilogramme-metres. 

* Phil. Tram., Vol. 184 (1893) ; ibid. (1896). 

t B. A. Reports, 1897 and 1899. Phil. Tram., 1902, pp. 68-263; also 
1913, pp. 1-32. 
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By using J, the numerical equivalence of mechanical and heat 
energy, the heat obtained by the combustion of a fuel may be 
expressed either in thermal units or foot-pounds ; while the work 
done by a fluid on the piston in an engine cylinder may be calculated 



0° 10 ° 20 ° 30 ° 40 ° 50 * 60 ° 70 ° 80 ° 90 ° 100 ° 

Fiq. 20. Capacity for Heat of Water (Callendar and Barnes) 


in the equivalent heat units. For example, when working at the 
rate of one I.H.P. for one hour, a heat engine converts 

— = 2,545 B.Th.U., or 1,414 C.H.U. 

into work on the piston. Hence, the amount of boat 2,545 B.Th.U. 
or 1,414 C.H.U., is the thermal equivalent of one H.P. hour. The 
engineer also uses one kilowatt-hour, equivalent to 3,412 B.Th.U. or 
1,896 C.H.U. 


Example 7. A rope brake on the flywheel of an engine carries a load of 
260 lb. at one end, and a load of 10 lb. at the other end. The diameter of the 
flywheel is 6 ft., and the engine runs at 200 r.p.m. What brake horse-power 
is the engine developing ? 

Assuming that 86 per cent of the heat generated by friction between the 
rope and the flywheel is absorbed by a stream of cooling water, in which the 
temperature rise is 10° C., calculate the amount of water required per rninuto. 

( A.M. Inst.Mech. E., 1924.) 

Given effective circumference of flywheel = 5tt ft. 


Net load on brake = 250 - 10 = 240 lb. 


Brake horse-power = 


240 X 5 X 22 x 200 _ 160 
7 X 33,000 


, or 22-85 H.P. 


Again, the heat equivalent of 1 H.P. minute is 


33,000 

1,400 


165 

7 


C.H.U. per minute. 


Heat absorbed by cooling water = x X 

mu / 


160 

7 


= 458 C.H.U. per minute. 

We have, 10° X W lb. = 458, and W = 45-8 lb. per minute, or 
4*58 gallons per minute. Answer. 
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The Thermal Efficiency of a Heat Engine. The thermal efficiency 

n . , . . , „ , Heat converted into work 

of a heat engine is denned as the ratio - TI — -.. .- 

° Heat supplied 

Thus there are two thermal efficiencies— 


(a) Brake thermal efficiency =_ 

(b) Indicated thermal efficiency 


Heat equivalent of B.H.P. 
Heat supplied 
Heat equivalent of I.H.P. 
Heat supplied 


The two quantities of heat in these ratios must of course be 
expressed in the same units, i.e. per hour, per minute, or per lb. of 
fuel used. 

It should be noted that— 


Mechanical efficiency 


Brake thermal efficiency 
Indicated thermal efficiency 


Example 8. A trial of a heavy oil engine gave the following data: duration 
of test, ft hours ; oil used, 192 lb. of calorific value 18,000 B.Th.U./lb.; brake 
load, 535 lb., and average pull on spring balance at other end of ropes 45 lb.; 
at speed 210 r.p.m. ; effective diameter of brake wheel, 98 in. ; 90 

explosions or diagrams per minute of mean effective pressure 96*6 lb./sq. in., 
diameter of engine cylinder, 14*75 in., and the length of stroke, 24 in.; cooling 
water circulating through cylinder jacket, 45 lb. per minute, raised from 60° 
to 110° F. ; and water through oxhaust calorimeter, 32 lb. per minute, raised 
90° F. Calculate: (a) the indicated and brako horse-power ; (6) the mechan¬ 
ical efficiency; (c) mean frictional torque on the crankshaft; (d) oil con¬ 
sumption per brake horse-power hour ; (e) thermal efficiency, and brake 
thermal efficiency ; (/) draw up a balance sheet showing the heat distribution 
in the engine. 


(a) The effective area of piston is j 



170*9 sq. in., and 


length of stroke 2 ft. ; henc e the indicated horse-power 


plan __ 96*6 X 170-9 X 2 X 90 
33~000 ~ 33,006 


also net brako load = 535 - 45 lb. = 490 lb., and circumferonco of 
brake wheel is it X ft. 


Brako horse-power 


490 x 22 x 98 X 210 
7 X 12 x 33,000 “ 

Answer. 


(b) Mechanical efficiency = ^4 re - ^T = 0-8S9 or 89 per cent. 

* (I.H.P.) 

(c) And 90-80, or 10 H.P. are required to overcome all the 
resistances in the engine at 210 r.p.m. 
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The corresponding frictional torque on the crankshaft is 
550 X H.P. 


and 


T = 

a> 

2 TT X 210 _ on ,. 

co =-—-= l7r = 22 radians per sec. 


T = 


60 

550 X 10 
22 


= 250 lb-ft. 


192 


Answer. 


(d) The oil used per hour is = 32 lb., and per brake horse- 


32 

power hour = — = 0-4 lb. 
oO 


32 


(e) The oil used per indicated horse-power hour — 

. _ . Heat equivalent of I H.P. hour 

.. Thermal efficiency = 


Answer. 


== 0*356 lb. 


Heat in oil supplied per I.H.P. hour 

2,545 B.Th.U. , 0 _,. 

= 0*39/6, or 39*76 per cent. 


0*3556 X 18,000 B.Th.U. 

Similarly the brake thermal efficiency 
2 545 

= oTx 18,00 0 = ( ’' 353 ’ or 35 3 per cent - 


Answer. 


{f) The balance sheet of the total heat supplied to the engine in the 
oil 'per minute is 
32 

~r X 18,000 = 9,600 B.Th.U. = 100 per cent, 
bu 


Heat converted into I. H.P. = 00 X 42*42 B.Th.U./inin. Percent 

= 3,818 B.Th.U. = 29*8 

Heat converted into useful work on brake -- 80 X 42*42 B.Th.U./min. 

- 3,394 B.Th.U. 35*3 per cent. 

Heat taken away in jacket water = 45(110° - 60°) B.Th.U./min. 

= 2,250 B.Th.U. - 23*4 

Hoat taken away in exhaust gases -- 32 x 90° B.Th.U./min. 

— 2,880 B.Th.U. - 30*0 

Heat lost by radiation and unaccounted for (by difference) -- 0*8 


100*0 


Mechanical Losses in a Gas Engine. Professor B. Hopkinson* 
measured the thermal and mechanical efficiency of a Crossley gas 
engine of cylinder diameter 11*5 in. by 21 in. stroke, intended to 
give a maximum of 40 b.h.p. when firing a charge every cycle, and 
running at 180 revolutions, that is, giving an explosion stroke every 
two revolutions of the crankshaft, or 90 explosions per minute. 

The power lost in friction of the mechanism was also estimated. 

The engine was run with an average load, which was applied by 

* Proc. Inst . Mech . E., October, 1907. 
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rope brakes, one all round each flywheel, and as each test only 
lasted a few minutes, it was unnecessary to have the wheels water- 
cooled. 

While careful observations were taken of the brake load, tho dead 
weight and tho spring balance, three photographs of indicator 
diagrams were taken with the optical indicator, each covering about 
a dozen explosions. At tho same time the number of explosions 
per minute were noted, and the speed kept constant by the governor 
at 180 r.p.m. 

In the measurement of gas consumption the supply to a small 
standard gas-holder was cut off, so that the engino took gas only 
from the holder, and tho quantity taken in a definite number of 
suctions was observed by the number of divisions on the calibration 
scale in the change of level of the gas-holder. The heating value 
of tho gas was tested during the experiments. 

The diagrams taken with the Hopkinson optical indicator were 
remarkably uniform and made one fine line curve for many consecu¬ 
tive explosions at this load and speed. The mean effective pressure 
(M.E.P.) p m of the diagram, was measured from the negative on the 
plate by means of a planimeter. 


The effective area of tho piston — . d 2 — 0*7854(11*5) 2 = 103*9 

4 21 7 

sq. in., and the length of stroke l ft. = ~ = - ft., so that the work 

1Z 4 

done by the gases on the piston during one explosion cycle is 


X 103-9 Xp 181*825 p m ft-lb. 


and at one explosion per minute the horse-power is 


181*825 
33,000 ' Vm 


0*00551 p m 


When tho engine is running at 180 r.p.m., and firing 90 times per 
minute, the indicated horse-power is 

0*00551 x 90 p m = 0*4959 p m 

In one test the average number of explosions per minute was 
72*3, and the mean effective pressure bv the indicator diagrams 
was p m = 100*3 lb. per sq. in., giving the indicated power 

0*00551 x 72*3 x 100*3 = 39*95 h.p. 

The useful power on the brake wheels is — , that is, 

oojtHJU 

tho effective circumference of each brako wheel in feet multiplied by 
the number of revolutions per minute of tho crankshaft, and by the 
net load, or difference between tho dead weight and pull on the 
spring balance. 
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Tabulated results obtained from throe experiments with the 
optical indicator and brake, 180 r.p.m., were as follows— 


Water-jacket 
Exit Tem¬ 
perature 

Explo¬ 
sions per 
Minute 

M.K.P. from 
Diagram 
lb. per sq. in. 

Indica¬ 
ted H.P. 

Brake 

H.P. 

Mechan¬ 
ical Loss 
H.P. 

Gas por 
suction 
cu. ft. 

149° F.(65°C.) 

72*3 

100-3 

39-9 

340 

5-9 

0-1196 

— 

73-8 

99-4 

40-4 

34-6 

5-8 

0-1182 

160°F. (71°C.) 

74-1 

99-0 

40-4 

34-9 

5-5 

0-1164 


Tho mean of the three experiments was 34-5 B.H.P., and 40*2 I.H.P. 


which gives the mechanical efficiency, 


34-5 
40 2 


X 100 = 85-S per cent. 


Thermal Efficiency . Tho average number of explosions was 73*4 
per minute, and for each charge 0*118 cu. ft. of coal gas was taken 
in, having a lower calorific value of 570 B.Th.U. per cu. ft. 

The available heat supplied to the engine in the coal gas per 
minute was— 


B.Th.U. Per cent 

73-4 X 0-1 IS X 570 - 4,937 - 100 


Indicated work = 40-2 x 

- 1,705-1 

34-5 

w , . . 34-5 X 33,000 

W ork on tho brake =-—-- 

778 

1,403-3 = 

29-6 

„ . . , , r „ 33,000 

Mechanical loss — 5 -1 X - - - 

778 

- 241-8 = 

4-9 


The mechanical loss = 40-2 - 34-5 = 5-7 H.P., which becomes less 
as the temperature of the water jacket rises. This led to further 
investigation. 

After the tests, the brakes wore taken off and tho engine run 
without load, the flow of the jacket water being reduced to prevent 
the engine from cooling rapidly. Indicator diagrams were at once 
taken, tho explosions noted on the average, 12-65 per min., and the 
gas consumption 0T252cu.ft. per suction stroke. The mean 
pressure by the indicator diagrams was 105-5 lb. por sq. in., giving 
the indicated power 

0 00551 X 12-65 x 105-5 = 7-35 H P., 
or 7-35-5-7 = 1-65 H.P. more than tho difference between the 
indicated and brake power in the full load tests. Had tho engine 
been firing every cycle at full load, instead of about 4 out of every 5 

cycles, this difference would have been increased in tho ratio 
00 

or X 1-65 = 2-02 H.P. 
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In the idle cycles, without load, only air is admitted to the 
engine cylinder, and the back pressure on the piston driving the 
air out during exhaust is much greater than after an explosion, 
because in the latter, at release, when the exhaust valve opens, 
gases under high pressure in the cylinder rush down the exhaust 
pipe, so that there is little or no back pressure on the piston during 
exhaust. Besides, there is loss of heat during the compression of 
air which is not all recovered during expansion, with the result 
that there is a negative loop on the compression and expansion 
shown by the light spring diagrams; also the extra power taken to 
compress the air at light load, when no gas was taken in, increases 
the negative work to about 3-5 H.P. at 180 r.p.m. That is, the 
power taken to run the engine without load is over 2 H.P. more 
than the mechanical losses at normal load. This increase of fluid 
pumping losses nearly balances the decrease in piston friction 
when running light. 

In order to investigate or estimate this power loss in the pumping 
strokes, i.e. during exhaust and suction of the air, independently of 
the optical indicator and brake, the gas engine was driven at 
180 r.p.m., without load and without allowing it to take gas, by 
an electromotor, and the power required was measured electrically. 

During one test the engine was closed as usual, and in the other 
the exhaust valve cover was removed, the cylinder being open to 
the air, so that there was no loss by compression. 

Assuming the loss in the driving belt from the motor to the engine, 
about 0-5 H.P., the same in the two cases, the difference in the 
power absorbed should be equal to the power absorbed in the 
pumping strokes, the water jacket being about 180° F. (82° C.) in 
both cases. 

On the 24th and 25th August, the tests gave tho following results— 



H.P. 

H.P. 

Engine closed 

. 7-72 

71 

Engine opened . 

. 4-14 

3-77 

Difference 

. 3-58 

3-33 


The average difference, 3*45 H.P., as compared with 3-5 H.P., esti¬ 
mated from the indicator diagrams, gives tolerably close agreement. 

Next, the temperature of the water jacket was varied, and the 
engine again motored round with the exhaust valve cover taken 
off, and the pumping losses measured by the electrical power taken 
to drive the engino running light at 180 r.p.m.— 

H.P. 

Absorbed 

Engine hot (about 180° F., 82° C.) normal lubrication . . 4*0 

Engine cold (70° F., 21° C.) normal lubrication . . .6*5 

Engine cold (70° F.) excess of oil . . . . . 4-7 

Engine cold (70° F.) water injected into cylinder . . .2*7 
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Hero t-lie frictional lossos of tho engine vary considerably with 
the temperature, and are reduced by the injection of water. 

A separate determination of frictional loss was also made with the 
piston and connecting rod removed ; tho loss would then include 
the friction of the main bearings, side-shaft, valve gear, and driving 
belt at 180 r.p.m., and was found to be 1*4 H.P. 

Deducting this 1*4 H.P. from the total power absorbed gives the 
power lost in friction of the piston and crank-pin ; tho piston 
friction alone being affected by the changes in tho cylinder tem¬ 
perature and lubrication. The normal valuo of the H.P. absorbed 
due to piston friction with the jacket water at 82° C. was 

4- 1*4 = 2-6 H.P. 

Other tests, under varying conditions, with a jacket temperature 
of 82° to 85° C., gave the mechanical loss about 5 H.P., determined 
by the optical indicator and brake, and fully half of this total 
mechanical loss is spent in piston friction. 

Professor Hopkinson found that, under normal working con¬ 
ditions, at the best jacket temperature 82° C., with tho brake 
36 H.P., this engine indicated 41 H.P. when running at 180 r.p.m., 
or piston speed 630 ft. per min., and the mechanical losses were— 



H.P. 


Pumping loss 

. 1-4 

= 3*4 per cont I.H.P. 

Piston friction 

. 2-5 

~ h* 1 ,, ,, 

Other friction, valve lifting, otc. 

. M 

- 2-7 

Total mechanical loss 

. 5-0 

# 12-2 


from which the mechanical efficiency was 87-8 per cent. 

The motoring test, under nearly actual running conditions, 
appears to afford one of the best methods of checking the mechanical 
efficiency and of determining the fluid pumping losses. 

With rise of cylinder temperature the viscosity of the lubricating 
oil is reduced, and so also is tho piston friction, but tho volumetric 
efficiency is reduced, so that the weight of charge taken into the 
cylinder is reduced, and with it the indicated horse-power ; yet the 
reduction in piston friction may more than counterbalance the 
decrease of indicated horse-power, so that the brake horse-power 
rises slightly. 

Conservation of Energy. Energy , which means the capacity for 
doing work , may be changed from one kind into another ; and, 
in any transformation of energ 3 r , as for instance, from mechanical 
energy to electrical energy or this into heat energy, a quantity of 
one form of energy disappears and is converted into another kind, 
exactly equivalent. The function of a heat engine is to do mechan¬ 
ical work with the least possible expenditure of heat. The ratio 
of tho quantity of heat converted into work in the cylinder to the 
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total heat supplied to an engine, is called the absolute thermal 
efficiency of the engine. 

In a complete cycle of operations, by the principle of the Con¬ 
servation of Energy, when the working fluid in any heat engine 
returns to the initial state (see pp. 113-4), 

Heat taken in = Heat rejected + Work done by the substance 

The internal energy, E , of a fluid may be defined as the quantity 
of energy in the fluid in a given state ; that is, its value depends 
only on the state of the fluid and not on how the fluid has reached 
that state. There is no means of measuring the stock of intrinsic 
or internal energy which a fluid contains in virtue of its pressure, 
volume, temperature, and state. Only changes of the whole internal 
energy can be measured when the substance receives heat, does 
work, or gives out heat. Internal energy is usually expressed in 
thermal units per unit weight, and, of course, cannot be calculated 
absolutely, but must be measured from an arbitrary zero. For 
instance, the internal energy of steam is generally reckoned as 
zero when the fluid is in the state of liquid water at 0° C. under 
its own vapour pressure. 

If the working substance takes in heat without doing work, its 
stock of internal energy increases ; on the other hand, if the sub¬ 
stance does work without receiving heat, it does the work at the 
expense of its own stock of heat energy, which is reduced by an 
amount equivalent to the work done (pp. 69-70). 

The product pv has a definite value for any state of a fluid, and 
is therefore a function of the state. It may be defined as the 
work done in ft-lb. per lb. by forcing unit weight of volume 
v cu. ft. into a cylinder against a constant pressure p lb. per sq. ft. 
To convert this into thermal units we must divide by J . Hence, if 

we use the symbol A for j, the quantity becomes Apv heat units. 

When heat is recoivod by the substance while it is doing external 
work, we have, 

Heat supplied = Increase of internal energy -f External work done 
i.e dQ — dE „ + A p. dv 

Adiabatic Expansion. An adiabatic expansion is one in which no 
heat is supplied to or removed from the working substance. From 
the energy equation just mentioned it will bo seen that in an adia¬ 
batic expansion, the work done by the working substance is done 
at the expense of its internal energy. 

It will be seen later (p. 114), that the above definition can be 
amplified by the inclusion of the condition of “reversibility,” which 
condition implies the absence of friction within the working sub¬ 
stance. Frictionless adiabatic expansion or compression is therefore 
better termed “isentropic.” 

3 (T.5434) 
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From the fundamental equation 

dQ — dE + Ap . dv 
as dQ by definition is zero, it follows that— 

dE = — Ap . dv 

that is, during a frictionless adiabatic expansion or compression, 
the work done by or on the fluid, is done at the expense of, or added 
to the internal energy of the fluid. From this it follows that the area 
under the pv curve for an adiabatic expansion or compression 
represents the change in internal energy. 

Isothermal Expansion. An isothermal expansion or compression 
is one in which the temperature of the fluid remains constant. 
Here again care must be taken to distinguish between frictionless 
expansion, and one where internal friction is set up in the fluid. 

The Total Heat, H , of a fluid is defined as the sum E + Apv. It 
is generally measured in thermal units per pound, and is an impor¬ 
tant function of the state of a fluid. (See pp. 379 and 566.) 

The relation between heat transfer and change in total heat is 
shown thus— 

H — E A pv 

dH = dE + A p . dv + A v . dp 
— dQ + A v .dp 

It should be noticed that, by this definition, the total heat of a 
liquid at 0° C. is not zero, but equal to Ap 0 v 0 , where p 0 is the vapour 
pressure in lb. per sq. ft. at 0° C., and v Q is the specific volume of 
the liquid at 0° C., and pressure p 0 . Water at 0° C. has a vapour 
pressure of 0 0892 lb. per sq. in., and a specific volume of 0*01602 
cu. ft. per lb. Hence, the total heat of water at 0° C. is 

144 

H 0 = E 0 + Ap 0 v 0 = 0 + Yjjfo X 0*0892 x 0*01602 

= 0*000147 C.H.U. 


This quantity is negligible and generally neglected in practice, 
thus Callendar* assumes that the total heat of water is zero at 0° C., 
and is 100 at 100° C. 

For carbonic acid this quantity is about 1 C.H.U., and for 
ammonia much smaller at 0° C. 

Total Energy of a Fluid. In some applications of thermo¬ 
dynamics, the kinetic energy of a fluid is an important factor. 

U* 

The kinetic energy per lb. weight of a body is ^ ft-lb., where 

U = velocity in feet per second and g is the acceleration due to 
gravity in feet per second per second. 


* Some authorities call what is here defined as total heat the total energy 
and denote it by the letter I instead of H. Another name for total heat is 
enthalpy. 
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Therefore the total energy per pound of a fluid is 


E -f Apv + A 


U* 


heat units 


Equation of Steady Flow of a Fluid. Imagine an enclosure 
through which a fluid is passing with a steady flow : that is, the mass 
entering per second, which is equal to the mass leaving per second, 
remains constant. Let the fluid as it enters have specific volume, 
velocity, pressure, and internal energy equal to v v U v p v and E x ; 
also as it leaves the enclosure, v 2t U 2 , p t> and E 2 respectively. 
Now suppose a turbine or heat appliance within this enclosure 
that will do an amount of work, W , for every lb. weight of fluid 
passing through it; also, let an amount of heat, Q t be lost from the 
enclosure per pound of fluid passing through. 

Now the work done on each pound of the fluid by that behind 
it in passing into the enclosure is p x v v while the work done by the 
fluid on that in front of it in passing out is p 2 v 2 . 

By the conservation of energy, the difference between these 
quantities, together with the change in internal and kinetic energy, 
between entry and exit must be equal to the work done by the 
appliance and the heat energy lost from the enclosure. That is, 


A(p x v Y -VtV*) + (E i -E 2 ) + A 



= AW + Q 


or, 


(Ap lVl + E x ) - (Ap 2 v 2 + E t ) + A 



AW + Q 


that is 


H x - H 2 + A 



= AW + 


Q 


This relation is very useful when dealing with the steam turbine 
and various appliances in practical thermodynamics. 

Throttling. In the case of steady flow of a fluid through a 
throttlo valve or reducing valve, the total energy in heat units per 
pound in the initial state before entering the valve is 

E l + Ap t v t + AUflig - 

and, after throttling, 

E % + Ap 2 v 2 + AU t % /2g 

By the conservation of energy, the small difference between the 
total energy of each pound of fluid entering and leaving the valve is 
the sum of the loss of heat to external bodies and the external work 
done. 

When the valve morely reduces the pressure without external 
work being done, assuming neithor gain nor loss of heat to the 
valve or external bodies, and the velocity of flow so small that the 
ohange in kinetic energy is negligible, as in the porous plug experi¬ 
ments by Joule and Thomson (p. 63), then it follows that the 
total heat remains constant . 
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Before entering the valve, the work done on one pound of the 
fluid by the pressure behind it is p x v x ; when the flow has become 
steady after throttling, each pound does work, p 2 v 2i upon the 
fluid in front of it. Any difference in the work done must reduce 
the stock of internal energy, and 

Ap 2 v 2 - Ap x v x = E t - E 2 
that is, E 2 + Ap 2 v 2 = E x + Ap x v x 

or H 2 = H 1 

Thus, the total heat of a fluid does not change in a throttling process 
as in a porous plug, expansion valve of a refrigerating machine, or 
in a reducing valve, during the ideal process. 

Transfer of Heat at Constant Pressure. Let a quantity of heat Q 
be given to or taken away from one pound of a fluid at constant 
pressure p , the internal energy of the fluid changing from E x to E 2t 
while the volume changes from v x to v 2 . 

Then, by the first law of thermodynamics, 

Heat supplied = increase of internal energy + external work done 

Q —j*dE -f a\ 2 P • whero p is constant 
= E 2 - E 1 + A P( V 2 ~ V l) 

= E 2 + Apv 2 - (E x + Apv x ) 

= H 2 - H v by definition of H 

Hence, when heat is absorbed or rejected by a fluid at constant 
pressure, the quantity of heat so transferred is equivalent to the 
change in the total heat of the fluid. 

Transfer of Heat at Constant Volume. Let a quantity of heat 
Q be transferred to or from one pound of fluid at constant volume, 
the pressure changing from p x to p 2 while the internal energy 
changes from E x to E 2 . Then in the equation dQ = dE + A p . dv 
the change in volume dv is zero and dQ = dE. 

Hence the heat absorbed or rejected by the fluid at constant 
volume is equivalent to the change in internal energy. 

Change of Total Heat during Adiabatic Expansion of a Fluid. 
(Heat drop.) Let ah, Fig. 21, represent the adiabatic expansion of 
unit weight of a fluid, from volume and pressure v x and p x to v 2 and 
p 2i when no heat enters or leaves the fluid, while it does work at the 
expense of its own stock of internal energy. 

By the energy equation, 

dQ = dE + A V • dv 

but in adiabatic expansion dQ = 0, and we have 
dE — - A p.dv 

Integrating, 1E x - E 2 = dE = A j^p . dv 
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which is represented by the area abfe in work units, and is the 
difference between the internal energy of the fluid at a and 6. 

Now, by definition, 

H 1 -H t ~E l + Apfr - (E 2 + Ap 2 v 2 ) 

= {Ei - E t ) + A p x vi - Ap 2 v 2 
= A x (areaa£/e) + ^4 (area daeo) - .4 (area c6/o) 

= A X area af>ccZ 

This area represents the work done in admitting into the cylinder 
the volume v 1 of the fluid at pressure p l9 expanding adiabatically to 



Fig, 21. Adiabatic Expansion 


pressuro p 2 and volume v 2i and then discharging from the cylinder 
at pressure p 2 - 

The same result may be obtained from the total heat equation, 

H = E + A pv 

Differentiating dH = dE + A p . dv + A v . dp 

but, as above, dE = - A p . dv 
and, substituting this value of dE } gives 

dH = -Ap.dv-\-Ap.dv-\-Av. dp 
= A v . dp 

hence, integrating, 

H l -H,-fcdH=Af\.dp 

This decrease in the total heat energy of the fluid during adiabatic 
expansion is called the adiabatic “ Heat Drop,” and is represented 
by the work area abed . Therefore, the thermal equivalent of the 
whole work done in the cylinder is measured by the adiabatic Heat 
Drop. 

It must be remembered that absence of friction is assumed. 
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EXAMPLES II 

1. A petrol engine, of cylinder diameter 3-6 in. and 4 in. stroke, gives 600 
explosions or cycles per minute. The mean indicator diagram (Fig. 2, p. 11) 
has an area 1*5 sq. in. and length 3 in.; the scale of the indicator spring is 
1/200. Estimate the average indicated horse-power of the engine. 

2. In a brake test the diameter of the brake wheel fitted on the crankshaft 
is 24 in., and that of the rope, around the wheel, 1 in.; the vertical pulls on 
spring balances at the ends of the brake rope are 24 lb., and 3 lb. when the 
speed is 1,200 r.p.m. The mean effective pressure on the piston, 80 lb. per 
sq. in. during each cycle at 600 explosions per minute. The cylinder is 4 in. 
in diameter and 4 in. stroke. Calculate: (a) the indicated and brake horse¬ 
power ; (6) the power spent in engine friction ; and (c) the mechanical 
efficiency. 

3. A four-cylinder petrol engine at a certain speed develops B l B.H.P. 
When firing is stopped in one cylinder, and the engine made to run under the 
same conditions as to speed, etc., the brake horse-power is B t . Neglecting 
pumping losses and assuming that the indicated horse-power developed in 
each cylinder is the same, find the approximate indicated horse-power of the 
engine. Tests on a four-cylinder petrol engine under the conditions indicated 
above gave the following results : B.H.P. with four cylinders firing, 14*7 ; 
B.H.P. with three cylinders firing, 10*0. Find the approximate indicated 
horse-power of the engine and its mechanical efficiency. 

( Inst. Mech. E. t 1923.) 

4. A test of an oil engine, during one hour , gave the following data: Effective 
circumference of brake wheel and rope, 11*25 ft.; load on brake rope around 
the wheel, 48 lb., and the pull on the spring balance at the other end of rope, 
4 lb.; mean speed, 350 r.p.m.; oil fuel used, 2*84 lb. of calorific value 18,400 
B.Th.U. per lb. ; mean indicated horse-power, 6*5 ; jacket cooling water, 
252 lb. raised 62*4° F. Calculate: (a) the brake horse-power ; (b) mechanical 
efficiency ; (c) the thermal efficiency ; and (d) give the percentage of heat 
energy of the fuel—(1) converted into useful mechanical energy at the crank¬ 
shaft, (2) spent in engine friction, and (3) given to the jacket cooling water. 

5. A test of an oil engine gave the following figures. Determine from them 

the five items of the heat balance, and draw up the balance in tabular form. 
Duration of trial, 30 min. ; oil used, 9*7 lb.; calorific value of oil, 18,000 
B.Th.U./lb.; jacket water, 725 lb.; rise of temperature of water, 70° F.; 
total revolutions, 6,100; brake load, 314 1b. at 2*5 ft. from shaft centre; 
mean effective pressure, 82 lb./in.* ; diameter of cylinder, 12 in., and stroke 
18 in. ( Inst. C. E ., 1923.) 

6. A gas engine, working on the constant volume cycle (Fig. 2, p. 11) has 

clearance 0*25 cu. ft., and the volume swept by piston, 1*25 cu. ft.; com¬ 
pression curve is p. v lM constant, and expansion curve p . v ut constant. At the 
beginning of the compression stroke the charge is at 14 lb. per sq. in., absolute 
pressure. While making 110 explosions per minute of maximum pressure 
400 lb. per sq. in., the engine uses 12*5 cu. ft. of gas having calorific value 
400 B.Th.U. per cu. ft. Calculate: (a) the pressure at end of the com¬ 
pression and expansion strokes ; (6) the net work done per cycle ; (c) the mean 
effective pressure and indicated horse-power; and (d) the thermal efficiency 
of the engine. ( National Diploma of Inst. Mech. E. t 1922.) 

7. The following results were obtained from a test on a tank engine : I.H.P., 
187*0; B.H.P., 162*9; fuel used per brake horse-power hour, 0*554 lb.; 
calorific value of fuel used, 10,350 C.Th.U. per lb.; heat carried away by 
circulating water, 232,500 C.Th.U. per hour. Determine: (a) the thermal 
efficiency (measured on the I.H.P.); (b) the mechanical efficiency ; and (c) the 
heat lost in exhaust and radiation per minute. 


(Inst.Mech. E. % 1924.) 
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8. The following particulars were obtained from a trial of a four-stroke 
cycle oil engine : duration of trial, 40 min.; oil used, 9*77 lb.; total revolu¬ 
tions, 8,142 ; total combustion cycles, 4,071; jacket water, 738 lb.; rise of 
temperature of jacket water, 74° F.; mean effective pressure in cylinder, 
96 lb. per sq. in.; torque due to brake load, 786 lb-ft.; calorific value of 
lib. oil fuel, 17,000 B.Th.U/s ; area of piston, 113 sq. in.; stroke, 18Jin. 
Find (a) the indicated and brake horse-powers ; (b) the oil used per hour per 
I.H.P. and per B.H.P. ; (c) the heat converted into indicated work per minute ; 
(d) the heat rejected by the jacket water per minute; (e) the heat lost by 
friction, exhaust gases, etc., per minute. 

( U.L ., B.Sc.(Eng.).) 

9. The following results were obtained from a test on an oil engine : 
I.H.P., 167 ; B.H.P., 142 ; fuel per B.H.P. hour, 0*467 lb. of calorific value 
10,000 C.H.U. por lb. Calculate (a) the indicated thermal efficiency, (6) the 
brake thermal efficiency, and (c) the mechanical efficiency. 

( Inst.Mech.E ., 1926.) 

10. What is meant by the “ pumping horse-power ” of an internal combus¬ 
tion engine ? A gas engine, 8 in. piston diameter and 13 in. stroke, when 
running at 260 r.p.m., gave indicator diagrams showing mean effective 
pressures in lb. per sq. in. ; firing cycle—positive loop 86, negative loop 6; 
dead cycle—negative loop 9*5. Find (a) the frictional horse-power of the engine 
if, when running without brake load, there are 31 explosions per minute; 
(6) the I.H.P. (from positive loop), and (c) the mechanical efficiency. 

11. Calculate the diameter and stroke of a gas engine which can develop 

26 brake horse-power at 300 r.p.m., assuming a mechanical efficiency of 80 per 
cent, a mean effective pressure of 85 lb. per sq. in., and a ratio of stroke to 
diameter of 1*6. ( U.L. , B.Sc. (Eng.), 1924.) 



CHAPTER III 

PROPERTIES OF GAS AND VAPOUR 


Properties of a Perfect Gas. A perfect gas may be defined as a 
fluid which obeys Boyle’s Law and the Law of Charles. The so-called 
permanent gases, such as oxygen, nitrogen, hydrogen, and also air 
under normal conditions, follow these laws fairly closely, and thus 
for normal purposes, the various simple equations for a perfect gas 
may be applied to them. 

It will, however, be seen later that this is only true when the con¬ 
ditions of the gas are well removed from what is termed the critical 
point. Thus if the fluid is below the critical temperature these 
equations will not hold, as the fluid may be either a liquid, or a wet, 
dry, or superheated vapour. In such cases other analytical methods 
must be used as in the case of steam, carbon dioxide, ammonia, etc. 

Boyle’s Law. Boyle discovered by experiment that if the tem¬ 
perature of a given quantity of any gas is kept constant , during a 
change of pressure and volume, the volume, v, varies inversely as 
pressure, p, of tho gas, or pv = a constant , which is represented by a 
rectangular hyperbola called an isothermal curve. 

Law of Charles. If the pressure be kept constant , the permanent 
gases expand nearly the same fraction of their volume at 0° C. for 
a given increase of temperature. The results of experiments show 
that hydrogen and other permanent gases, when kept at constant 

pressure, expand nearly of their volume at 0° C. for every 1° C 

rise of temperature, or^j ^ 10 * r v °l ume at 32° F. for every 1° F. 

rise of temperature. For example, at constant pressure, 273 cu. in. 
of gas at 0° C. became 273 + 1 cu. in. at 1° C., 273 + 2 cu. in. at 
2° C., and 273 + t cu. in. at t° C. Thus at t° C. the volume at 
constant pressure becomes 


+ 2^3 X = v o • 


273 + t 
273 ’ 


and 


v t 273 + t 
“ 273 


T_ 


where T and T 0 are absolute 
temperatures. 


The equation becomes^ = ~ = a constant. 

1 o * 

Also, at constant pressure , when the same quantity of gas is cooled 
1°C. below the freezing point to -1°C., the volume becomes 
273 - 3 cu. in., and at - 2° C. the volume is reduced to 273 - 2 
cu. in.; and the volume would become nothing at - 273° C. if the 
law could be held to apply down to the lowest possible temperature. 
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Before this temperature would be reached any actual gas would 
become a vapour, change its physical state to a liquid, and then 
become frozen to a solid. By the equation, if the temperature be 
reckoned from this absolute zero, the volume of a gas, heated at 
constant pressure, is proportional to the temperature reckoned 
from absolute zero. Now if the pressure be changed from p 0 to 
p t and the gas obeys Boyle’s law, it follows that 

^ ( s) 

p 0 v 0 T 0 T T 0 
for unit mass of gas, and we have 

pv = w . RT t or ^ = w . R . . . . ( 1 ) 

the characteristic equation of the relations between pressure, volume, 
and absolute temperature for tv lb. weight of a gas, where 
p = absolute pressure in pounds per square foot 
v = volume in cubic feet, of w lb. 

R~ a constant 


depending on the particular gas and whether the absolute tem¬ 
perature, T, is expressed on the Centigrade or Fahrenheit scale. 

At 0° C. and standard atmospheric pressure of 14-7 lb. per sq. in., 
or 2,116 lb. per sq. ft., the weight of dry air is 0-0807 lb. per cu. ft., 


hence the volumo of 1 lb. weight is 
Hence 


1 


7? P V 

r = t 


0-0807 
2,116 X 12-391 
273 


, or 12-391 cu. ft. 
= 96 ft-lb. 


per lb. weight of air, in the Pound Centigrade system. 

Also in tho Pound Fahrenhoit system, 

per lb. weight of air (nearly). 

In the metric system, Regnault found that 1 cubic metre of dry 
air at 0 ° C. and atmospheric pressure of 1-03274 kg. per sq. cm., or 
10,327-4 kg. per sq. metre, weighed 1-2928 kg. 

Hence the volume of 1 kg. of dry air = , or 0*7735 cubic metre, 

and the increase in volumo for the rise of temperature 0 ° C. to 1 ° C., 

0*7735 

if the air were a perfect gas, would be 273 \ ou ^ c metre. The work 

done by the air during expansion against constant atmospheric 

u-i u • 1 • t> 10,327-4 x 0-7735 OK . 

pressure while being warmed is R =- 070 !- =* 29-25 kg- 

metres per kilogramme. 27d-l 

To check this result, multiply 29-25 by 3-28085, the number of 

feet in a metre, giving the value of R in ft-lb. per lb. = 95-965. 
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In the case of hydrogen, the specific volume, at 0 ° and atmospherio 
pressure of 2,116 lb. per sq. ft., is 178*8 cu. ft. per lb. 

. . R = - 273 ^-= 1>385 ft-lb. per lb. (nearly). 

The ideal perfect gas follows Boyle’s law and satisfies the charac¬ 
teristic equation exactly. No actual gas does, but hydrogen comes 
near to it, since the deviation is very small over a wide range of 
temperature. 

Electrons, Atoms, and Molecules. Any chemical element is built 
up of very small particles called atoms. Modem science now shows 
that these atoms consist of a central nucleus positively charged 
with electricity around which are negatively charged particles termed 
electrons. The smallest number of atoms that can exist alone is 
called a molecule. Some atoms such as those of helium can exist 
alone, and the molecule is termed monatomic. Others such as those 
of hydrogen form a diatomic molecule, the symbol being H 2 , while 
other molecules are polyatomic. Some substances such as carbon 
may have a varying number of atoms in the molecule. 

The weights of atoms and molecules vary with the particular 
substances concerned, and it is convenient to consider the relative 
molecular and atomic weights, taking as a standard of reference 
that of 16 for the oxygen atom, this molecule being diatomic. 

Table I gives in round figures the values for substances commonly 
used in engineering. The molecular weight of any substance is of 
course not the actual weight, but a relative weight. 

The Mol and the Pound Molecule. Avogadro’s Law states that 
equal volumes of all gases under the same conditions of temperature 
and pressure contain the same number of molecules. Hence a mass 
of any gas having a weight equal to its molecular weight will 


TABLE I 



Symbol 

Weight 

Substance 


1 



Atom 

Molecule 

Atomic 

Molecular 


Hydrogen 

H 

H. 

1 

2 

Oxygen 

0 

0. 

10 

32 

Nitrogen 

N 

N. 

14 

28 

Carbon 

C 


12 


Sulphur 

Carbon Monoxide 

s 

CO 

32 

28 

Carbon Dioxide 


CO, 


44 

Methane 


ch 4 


10 

Benzene 


c*h 6 


78 

Water or Steam 


H,0 


18 

Sulphur Dioxide 


SO, 


04 
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oooupy at N.T.P. a fixed volume, no matter what the particular gas 
is. Actual gases follow this law very closely, and the approximate 
value of this fixed volume is 369 cu. ft. if the molecular weight is 
reckoned in pounds. Thus 2 lb. of hydrogen, 32 lb. of oxygen, or 
28 lb. of nitrogen occupy at 0° C. and 14*689 lb. per sq. in. a volume 
of 369 cu. ft. 

A weight of gas equivalent to its molecular weight is called the 
gramme molecule or pound molecule respectively. The term mol is 
used generally for the gramme molecule, although it is sometimes 
applied to the pound molecule. 

As 1 lb. mol occupies 359 cu. ft. 


359 

1 gm. mol occupies - 

359 x 28,316 
“ 453*6 “ 


cu. ft. 
22,400 c.c. 


Heat energy of a gas is often expressed in heat units per mol. 
It should be noticed that— 


1 gm. calorie per gm. mol 

— 1 lb. calorie per lb. mol 
= 1,400 ft-lb. per lb. mol 

= = 3.9 ft-lb. per cu. ft. at N.T.P. 


1 B.Th.U. per lb. mol 

= 778 ft-lb. per lb. mol 
778 

— —— = 2*167 ft-lb. per cu. ft. at N.T.P. 

359 

A cubic foot of gas at N.T.P. is sometimes called a Standard 
Cubic Foot (S.C.F.). 

The Universal Gas Constant. The characteristic gas equation 
states that pv = wRT where v is the volume of the mass tv. 

If w is the molecular weight in pounds then 
v = 359 S.C.F. 

/. 14*689 X 144 X 359 = wR x 273 
whenoe wR = 2,779 ft-lb. per lb. mol per ° C. 

2 77Q 

— = 1*985 lb. cal. per lb. mol per ° C. 

1,400 

In Fahrenheit units 


wR = 


14*689 X 144 x 359 


= 1,544 ft-lb. per lb. mol, per 0 F. 
_ 1 ,544 
“ "778 


= 1*985 B.Th.U. per lb. mol per ° F. 


492 
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This quantity, which is generally represented by 0 , is obviously 
constant for all gases, assuming they obey Avogadro’s Law, and is 
called the Universal Oas Constant, 

Hence pv — GT where v is the volume of the mol. 

G 

To obtain the value of R for any gas we have R = -. Thus if the 

molecular weight of air is taken as 28*95, then 
o 77Q 

R for air = = 96 ft-lb. per lb. per 0 C. 

JiO’vD 

or = == 63*3 ft-lb. per lb. per ° F. 

For hydrogen w = 2. 

2 77Q 

R for hydrogen = — = 1,390 ft-lb. per lb. per ° 0. 

Joule’s Law. The Internal Energy of a given quantity of gas 
depends only on its temperature, and is practically independent of its 
pressure and volume. 

Joule first investigated the assumption that practically no mternal 
work is done, and no appreciable quantity of heat energy is absorbed 
by a gas during free expansion into vacuum, without doing external 
work. To do this, two copper vessels of equal capacity were con¬ 
nected by a short tube with stop-valve. One of them, A y Fig. 22, 
was filled with dry air compressed to about 21 atmosphoros, and the 
other, B, was exhausted. Both vessels were immersed in a bath 
containing 16 \ lb. of water, which was stirred and its steady tem¬ 
perature taken by a sensitive thermometer reading to ~ - of a degree 

200 

Fahrenheit. The stop-valve at C was opened by means of a key and 
compressed air allowed to pass from A into the empty vessel B 
until equilibrium was established. The water was again stirred, 
and no chango of temperature could be detected by the thermometer. 

In order to analyse this result, Joule inverted tho vessels and 
immersed them, as well as the connecting pipe and stop-valve, C y 
each in a separate bath, Fig. 23. 

After opening the stop-valve to allow the compressed air in A to 
expand into the exhausted vessel B y as before, the water was again 
stirred and a drop of temperature was observed in A y while that 
around B and C was raised to the same amount, showing that the 
heat absorbed by part of the air as it rushed out of A was given up 
to B and C ; but, on the whole, there was neither gain nor loss of 
heat by the air, the heat lost by A boing compensated by that 
gained by B and C. It follows that no internal work is done by a 
gas during free expansion ; or in a perfect gas the moleculos aro so 
far apart, compared with their size, that there is no appreciable 
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attraction between them, consequently no internal work has to be 
done to separate the molecules. 

Joule and Thomson (Lord Kelvin) found in later experiments* 
that the 0*13 lb. weight of air in Joule’s experiment, under 21 
atmospheres expanding to 10*5 atmospheres, without doing work 
during free or unresisted expansion required only 0*063 heat units 
to make up for the total internal cooling effect. This quantity of 
heat taken from 16*5 lb. of water, 28 lb. of copper, and 7 lb. of 
tinned iron, would produce a drop of temperature of only 0*003° C. 



Fia. 22 Fi<;. 23 

Fhee Expansion of Gas 


Little wonder they remarked that no appreciable external thermal 
effect was observed, and that similar experiments afterwards made 
by Regnault should have led only to the same negative conclusion. 

By taking the heat from the air itself the drop of temperature was 
2 -8° C., that is, 900 times the thermometric effect in the earlier 
experiments. 

In the porous plug experiments of Joule and Thomson this 
extremely sensitive method was devised of detecting the deviations 
of actual gases from the ideal perfect state, which has led to far- 
reaching results. 

It was proved that when there is molecular attraction or any 
trace of friction amongst the particles of actual gases, mere expan¬ 
sion, without doing work, produces cooling or reduction of the stock 
of internal energy equivalent to the internal work done in over¬ 
coming the molecular forces or friction. 

A steady continuous stream of gas supplied at constant pressure 
and temporaturo is forced through a porous plug, or small orifice, 
from which it issues at a lower pressure, wiiere its temperature is 
observed. Caro is taken to prevent external loss or gain of heat 
by tho plug or orifice, and the walls of the pipe are non-conductors. 
Tho issuing jet has kinetic energy of eddies which quickly subside, 
being converted into heat by fluid friction. 

Suppose in the pipe there is a diaphragm with a small orifice. 
Consider a short longth of tho stream at cross-sections A and B 

* Joule and Thomson, “Thermal Effects of Fluids in Motion.” Joule's 
Scientific Papers , Vol. II, pp. 216-302 ; or Thomson (Lord Kelvin) Papers, 
Vol. I, p. 333. 













64 


APPLIED THERMODYNAMICS 


on each side of the orifice but not close to it. At A, approaching 
the orifice, the internal energy per lb. of fluid is E lt and p v v x the 
pressure and volume, and at jB, E 2i p t and v % respectively. At A 
the gas forced forward by the pressure p v with volume v v escapes . 
through the orifice, and pushes the gas in front with pressure p 2 with 
volume v 2 , beyond the region of the “ rapids ” or eddies which 
subside at some distance from the orifice. These are greatly reduced 
by the porous plug device. 

In the case of steady flow the temperature may be higher or 
lower at B than that upstream at A , depending on the nature of 

the fluid. The decrease of energy E t - E % 
must be equal to the work done by the 
fluid. Now the work done by the gas 
per pound on the portion in front at B 
isp 2 v a , while at A, p x v x is the work done 
on the gas by the stream behind it. 
Therefore, 

E x - E ^ = Ap t v % - Ap v v v 
that is, E x + Ap x i\ = E t + Ap 2 v %t 

a constant at any two sections of the 
stream, which is defined as the Total 
Heat (H) of the gas (see p. 52). 

Suppose the product p x v x has not 
changed and is equal to p 2 v 2 , then 
‘ E x = E „ and if the internal energy 
depends only on the temperature, then 
the temperature will be the same at A 
and B. Hence, if the temperature be 
found constant, the gas obeys Boyle's 
law and Joule’s law, E x = E t , even 
though the pressure and volume vary ; consequently the internal 
energy must be a function of the temperature only. This is only 
strictly true of the ideal perfect gas, but if the temperature changes, 
then E must vary with p and v, as well as with temperature. 

Joule and Thomson had a pump driven by an engine to force 
dried air or other gas in a tranquil stream through a long spiral of 
copper pipe immersed in a bath of water, which was constantly 
stirred and kept at a uniform temperature. A brass cylinder, 
aa , Fig. 24, was secured to the flange on the upper end of the 
copper pipe, to which a boxwood nozzle, 66, 1*5 in. diameter, was 
screwed, and in this a plug of cotton wool was slightly compressed 
between two perforated brass plates resting on ledges 2*72 in. apart. 
A short piece of boxwood, cc, was screwed above the top of the 
upper plate to hold it securely. A tin can, dd f screwed on the brass 
cylinder, aa, also filled with cotton wool, prevented heat from the 
bath passing to the boxwood nozzle. 



Fig. 24. Porous Pluo 
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When the stop-valve was opened to allow the stream of com¬ 
pressed air or gas up through the plug, fluctuations of temperature 
were observed, due to the sudden cooling effect and changes of 
temperature at the nozzle, as well as to expansion and compression 
in the long coil of copper pipe in the bath. After about an hour or 
two, a steady condition of heat-flow allowed temperatures to be 
noted on sensitive thermometers, one in the bath and the other the 
same distance above the plug, observed through the glass tube ee ; 
also the pressure gauge was observed, every two minutes, and the 
mean values recorded. 

The experiments showed that for pressures from 1 to 6 atmo¬ 
spheres, hydrogen, nitrogen, oxygen, common dry air, and carbonic 
acid passed towards, through, and from the porous plug in a tranquil 
stream, almost without change of temperature, carbonic acid much 
less so than any of the others ; hence the inference that absolute 
temperature is approximately proportional to the volume of these 
fluids. The Joule-Thomson cooling effect is defined as the ratio of 
drop of temperature to drop of pressure between the two sides of 
the plug. For dry air it was at 17° C., nearly 0*0176° C. for each 
pound per square inch difference of pressure, and decreased at 
91*6° C. to 0*014° C., or about a quarter of a degree for each 
atmosphere drop in pressure. 

In the case of C0 2 , the cooling effect was 0 0833° C. per lb. per 
square inch difference of pressure at 12*8° C., while at 91-5° C. it 
was reduced to 0 0474° C. Callendar finds that a curve for the 
mean corrected results for carbonic acid gas gives 0*0944° C. per lb. 
pressure at 0° C., and 0*0421° C. per lb. at 100° C. At higher 
temperatures these gases approximate more nearly to Boyle's law ; 
and the results showed that the cooling effect was proportional to the 
difference of pressure on the two sides of the porous plug , and varied 
inversely as the square of the absolute temperature for dry air and 
carbonic acid . 

For air, the drop of temperature (Centigrade) is 

/273\ 2 

0-275(P 1 -P i ) (jr-j 

where the pressure is in atmospheres. For carbonic acid, the 
constant in this expression is 1*388. 

In the case of hydrogen there was a heating effect which agrees 
with the results of Amagat's experiments that the product pv 
increases with the pressure, whereas for carbonic acid and air, pv 
decreases nearly uniformly and the curve has a steep slope down¬ 
wards to a minimum near the critical temperature, where it becomes 
vertical. 

Kelvin also deduced from the cooling effect a method of comparing 
the absolute thermodynamio scale of temperature with that of the 
gas thermometer. Taking the work equivalent of the heat required 
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to compensate or neutralize the cooling effect, and Regnault’s 
measurements of the specific heat at constant pressure and the 
coefficients of expansion between 0° and 100° C., Kelvin concludes 
that the absoluto temperature of melting ice is 273-1° C.,* or “ for 
every 100 units of heat converted into work by a perfect thermo¬ 
dynamic engine, 373-1 are taken from the source, and 273-1 rejected 
to the refrigerator, if the temperature of the source be that at 
which steam of water has a pressure of 1 atmosphere and the 
temperature of the refrigerator that at which ice melts.” 

The cooling effect has been thoroughly investigated and applied 
by Callendar in the determination of the properties of steam and 
other vapours at low and moderate pressures common in practice. 
He pointed out that the cooling effect indicates a corresponding 
variation of specific heat with pressure by the relations between 
specific heat, cooling effect, and variation of the total heat of gases. 

This Joule-Thomson cooling effect, or small drop in the tem¬ 
perature of compressed air and vapours escaping through a fine 
orifice, as in a throttling operation, through a valve without gain 
or loss of heat, is most important in applied thermodynamics. 

Professor Linde took advantage of it in a regenerative process 
which accumulates the cooling effect, with an interchange r, and air 
pump for the production of extreme cold below the critical tem¬ 
perature of air - 140° C., and nearly to absolute zero (see p. 588). 

Obviously, Joule’s law only holds strictly for the ideal perfect gas ; 
the deviation for the permanent gases is so small as to be negligible, 
except in the case of vapours near their critical temperatures. 
j Specific Heats of a Perfect Gas. The specific heat of any substance 
'may be defined for elementary purposes, as the quantity of heat 
required to raise the temperature of one pound of the substance 
by one degree. The numerical value of specific heat so defined, being 
in heat units, per degree of temperature, per pound, will be indepen¬ 
dent of the temperature scale used. We shall, however, see later 
that specific heat may be measured in other units. 

The simple definition given above automatically assumes that the 
value of specific heat is constant at all temperatures. This assump¬ 
tion is adopted in this chapter for gases, but in practice this is not 
so, and later on the variation of specific heat with temperature will 
be considered. 

A gas may be considered to have two specific heats, depending 
on whether it is kept at constant volume, or at constant pressure 
while it is being heated. 

j (a) Specific Heat at Constaiit Volume (C v in heat units, K v in work 
units). This may be defined as the amount of heat required to raise 
the temperature of one pound of gas, by one degree, while the volume 
remains constant, and the pressure increases. 

* Article on “ Heat,” Ency. Brit ,; also Kelvin’s Mathematical and Physical 
Papers, Vol. I, p. 333. 
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Thus in tho equation dQ = dE + A p . dv f ^ ^ 3 

^ dQ = C^cJ? 7 and = 0 
Hence ( f ^ •>- C v dT = dJS 

It is thus seen that if heat is transferred to or from a gas at 
constant volume, then the quantity of heat transferred is equivalent | 
to the change in internal energy of the gas. This statement is in \ 
agreement with Joule’s Law (p. 62). 

✓ (6) Specific Heat at Constant Pressure (C v in heat units, K v in 

work units). This may be defined as the amount of heat required to 
raise the temperature of one pound of gas, by one degree, while the 
pressure remains constant, and the volume increases. 

Thus in the equation dQ = dE + A p . dv 

dQ = C p dT , while dE = C v dT 
Hence, j : v C P dT = C v dT + A p . dv 

Thus if heat is transferred to a gas at constant pressure while 
the gas expands, the heat transferred is equivalent to the increase 
in internal energy of the gas (C v dT) plus the work done by the gas 
in expanding (.4 p. dv). 

(c) Difference of the Specific Heats. Let one pound of gas be heated 
at constant pressure. 

Then pv — RT and p .dv — Rdf (as p is constant) 

Hence C P dT - C v dT + A Rd T 

11 - -’Ll = J (G'p - V v ) = K v - K v 

R being iti work units. ./ 

(d) Ratio of the Specific Heats. The ratio of the specific heats 

denoted by y is an important factor in the thermodynamics of gases.^ 
Its relation to the gas constant R is obtained from the equation 

R j (('» --c v ). 

t I im , * ■■/.fr-i) 

or C v = A - R , and G' = .4 —^ R 

y ~ 1 v y — 1 

(e) Units and Values of Specific Heats. Swann,* by the continuous 
electric heating method of Callendar, found the value of C v for air 
at 0° C. as 0-2413 lb. calorie per lb. per degree C. 

96 

As R == —— = 0-0686 lb. calorie per lb. per degree C., 

* See Brit. Assoc. Report, 1908 ; Phil. Trans ., 1910, p. 199. 
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then C v = 0*2413 — 0 0686 = 01727 lb. calorie, per lb. per 
degree C. 

n ft. 241*1 

This gives y = ^ = ol727 = li397 f ° r air * 

In calculations on internal combustion engines, it is often more 
convenient to express these values in foot pounds per cubic foot at 
N.T.P. (Standard Cubic Foot). This quantity is sometimes called 
the volumetric specific heat y or more simply the volumetric heat of the 
gas. This term is generally but not always confined to the specific 
heat at constant volume. 

Thus, taking the molecular weight of air as 28*95, 

OO. QK 

C v = 0*1727 X 1,400 x = 19-52 ft-lb. per S.C.F. per 
degree C. 

Similarly, 

C v = 27*27 ft-lb. per S.C.F. 

The specific heat is also sometimes expressed in pound calories 
per pound molecule. Thus for air 

C v = 0*1727 X 28-95 = 5-00 lb. cal. per lb. mol. per degree C, 
or B.Th.U. per lb. mol. per degree F. 
and C v = 0-2413 X 28-95 = 6-985 lb. cal. per lb. mol. per degree C, 
or B.Th.U. per lb. mol. per degree F. 
whence the Universal Gas Constant 

G = C P -C V = 6-985 - 5-00 = 1-985. 

As a pound mol. of any gas is virtually a unit of volume, these 
values of specific heat are termed volumetric or molar heats. 

The actual values of the specific heats of gases increase with 
temperature, and this variation is considered later. Table II gives 
values of the specific heats at 15° C. and atmospheric pressure for a 

TABLE n 



A 

B 

C 

D 

E 

F 

H 



c . 

0 

y 


c * 

c v 


C.H.U. 

C.H.U. 



ft. lb. 

C.H.U. 

C.H.U. 


per Mol 

per Mol 



per S.C.F. 

per lb. 

per lb. 


per °C 

per °C 

4 - B 

A 

=» Bx3*9 

A 

B 





B 

Mol Wt 

Mol Wt. 

Air 

6-943 

4-947 


1-403 

19-29 

0-240 

0-171 

CO 

6-94 

4-94 


1-404 

19-27 

0-248 

0-176 

N, I 

6-926 

4-929 

1-996 

1-405 

19-22 

0-247 

0-176 

o. 

7-04 



1-396 

19-66 

0-220 

0-158 

H, 

6-86 

4-87 

1-99 

1-408 

18-99 

3-43 

2-44 

CO, 

8-79 

6-76 

2-04 

1-302 

26-33 

0-20 

0*153 

ch 4 

8*49 

6-48 


1-310 

26-27 

0-531 

0-405 
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number of gases, based on calculations by Messrs. Partington and 
Shilling.* 

From a consideration of the kinetic theory of gases, it is shown 
that for a perfect diatomic gas (p. 109) 

C, = \r and C, = \R 

Taking the value of 96 for R 
C, = ^ X 96 = 0-24 

and C v = | X 96 = 0171 C.H.U. per lb. per ° C., 
or taking the value of 1*985 for G 
C, = ^X 1-985 = 6-948 

5 

and C 9 = ^ X 1*985 = 4*963 cal. per mol. per ° C. 

These values should be compared with the actual values given 
in Table II. 

It should be noted that specific heats in C.H.U. per ° C., have the 
same numerical values in B.Th.U. per ° F. 

Isothermal Operations of a Perfect Gas. As the internal energy 
change is measured by C v dT and dT is zero, it follows that in an 
isothermal change of a perfect gas the internal energy remains 
constant and the equation dQ = C v dT + A p . dv becomes dQ 
— A p . dv. 

Thus the work energy produced by or on the gas is provided by 
an equivalent heat transfer to or from the gas from or to exterior 
surroundings. Obviously some difference of temperature between 
the gas and its surroundings would have to be provided, and the 
operation would have to be performed very slowly. The temperature 
cannot, however, be kept rigorously constant in practice. 

When the absolute temperature is kept constant, the isothermal 
curve , APB , Fig. 25, gives the relation of pressure and volume of 
gas during expansion from the initial state p v v v T v to the state 
Pt> v i» I the characteristic equation becomes p x v x = p t v t = wRT x 
= k a constant (Boyle’s law). 

The product of any pair of values of pressure and volume at state 
points A, P , and B , Fig. 25, on the curve is equal to 50. Hence the 
curve is a rectangular hyperbola. 


* The Specific Heat of Oases, by Partington and Shilling (Bonn). 
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The same quantity of gas at a different constant temperature will 
have another similar isothormal curve, CD, and in this way we can 
draw any number of isothermals for the same mass of gas, by 
increasing its stock of internal energy. 

The work done, W , by the gas during expansion, and on the gas 
during compression, is calculated by the equation (6) (p. 13), sub¬ 
stituting for k the value wRT ; or graphically by measuring the 



area under the curve to tho volume axis, and bounded by the 
pressure ordinates at tho initial and final states, A and B. 

V 2 

W = log £ -, or wRT x log e r . . (4) 

v i 

where v l = volume of w lb. 

W 

and Q = E + j , becomes JQ = 0 + Vi v i r 

Adiabatic Operations ol a Perfect Gas. Expansion or compression 
is adiabatic when tho operation is reversible and the working sub¬ 
stance neither gains nor loses heat by conduction and radiation, or 
by internal chemical action. We must imagine a given quantity of 
perfect gas to be enclosed in a cylinder, fitted with a piston, both 
perfect non-conductors of heat, which neither take up any heat 
themselves nor allow heat to pass through them to or from the gas. 
An adiabatic operation cannot bo quite realized because every 
substance absorbs heat, more or less, and a cylinder cannot be 
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perfectly heat-tight, or impervious to heat. An operation is nearly 
adiabatic when performed quickly to allow very little time for the 
transfer of heat between the gas and the surface of the cylinder walls. 

In adiabatic expansion CB , Fig. 25, work is done by the given 
weight of gas solely at the expense of its own store of internal 
energy, hence the temperaturo and pressure fall below that of the 
isothermal CD for the same change in volume, since during isother¬ 
mal expansion heat is supplied to keep the temperature constant. 
During adiabatic compression , BC , the work done on the gas 
generates heat, which increases its stock of internal energy since 
no heat is given out, and the temperature rises accordingly and 
gives rapid increase of pressure, whereas, during isothermal com¬ 
pression between the same volumes, B to A y the heat produced must 
be taken away in order to keep the temperature constant, therefore 
tho isothermal compression curve must be below the adiabatic. 

Hence, the adiabatic curve has a steeper slope than the isothermal , 
during both expansion and compression. 

Let dQ denote a small quantity of heat taken in by 1 lb. weight 
of a perfect gas, and dT and dv the resulting small increments of 
temperature and volume; then tho fundamental energy equation, 
Heat received = Gain of internal energy + External work done, 
becomes dQ ------ C v . dT | p . dv if C v and Q are in work units. 

Since in adiabatic expansion or compression no heat is taken in 
or given out by tho gas, dQ = 0 , the work done is equivalent to the 
change of internal energy , and we have C v . dT + p . dv = 0. 

Differentiate the characteristic equation of a perfect gas pv = RT , 
and we obtain p . dv + v . dp = R . dT , or dT — (p . dv + v . dp) JR. 

Substitute this value of dT in the above equation, and taking 
R = C v - C v , wo obtain 


C v . p . dv + C v . v . dp = 0, and 



V 


from which 




and, by integration, y . log £ v + log £ p = a constant. 


Therefore, p . v y = constant .... . (5) 

the equation to the adiabatic curve of a perfect gas, giving the 
relation between tho absolute pressure and volume during expansion 
or compression. 

The value of tho constant can bo found for a given state of the 
working substance from any pair of values of p and v on the adiabatic 
curve. (See p. 12.) 

The work area during an adiabatic change of state can now be 
found by substituting y for n in the general equations (1) to (5) 
(p. 13). 
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We have pv = uiRT, and - p t v t « wR(T l - T t ) 
and, for adiabatic expansion, 


y-l ’ 


becomes TF == 


wR(T l - r t ) 
y -1 


( 6 ) 



Then -jr, represents the reduction of the internal energy of the gas 

or the amount converted into mechanical energy during expansion 
from the state p v v v T v to the state p 2 , v 2t T t . 

The internal energy of 1 lb. weight of the gas is gradually spent 
in doing work on the piston as the adiabatic curve is indefinitely 
prolonged to cut the volume axis at infinity and the pressure falls 
to zero, when the gas can do no more external work and its stock of 
energy is used up. If p 2 = 0, the equations representing the work 
area under the adiabatic curve become 


Work done = .Mv = = K 11 T l ft-lb. . . . (8) 

y - 1 y - 1 

which may be taken as the mechanical equivalent of the internal 
energy of 1 lb. weight of gas in the initial state at absolute tem¬ 
perature T v 

Change of Temperature of a Perfect Gas during Adiabatic Expan¬ 
sion and Compression. During an adiabatic operation from the 
state p v v v T v to that of p 2i v 2 , T 2 , the relation between pressure 
and volume is 

Q 

Pi • v i y = Vi • v t y » where y denotes the ratio — . (a) 

and, for a perfect gas, the characteristic equation is 


PMl _ PM\ 

Tx~ T t . 

To eliminate p, divide (a) by (b), and we obtain 

T x .vr' = T,.v t r-\ o ^=(^) r " 1 • 

where — is the ratio of expansion. 
v \ 


(f>) 

( 9 ) 


Again, to eliminate v> raise (b) to the power y, and divide by (a) 


which gives 


pi y - 1 _ vj^ 
T x 7 “ T 2 V ’ 


or 


Ti _ (Pi) 
Tt “ \Pi) 


Zzl 

y 
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and the temperature may be calculated from a given pressure 
change. Hence, the adiabatic law for a perfect gas may also be 
written— 


T . vV " 1 =s constant, and 



= constant. 


. ( 10 ) 


In the application of the energy law to a perfect gas— 

(a) In isothermal expansion pv = constant, when T is constant 
dQ = dE + p . dv ; all the heat given to the gas goes to do external 
work in expansion, and the internal energy remains constant; 
dE = 0, and dQ = p . dv. 

(b) Adiabatic expansion, dQ = 0, and p . dv = - dE. In this 
case, external work is done at the expense of the internal energy of 
the gas. 

(c) Heating gas at constant pressure : Internal energy increases 
and external work is done by the heat j*dQ = Jj dE + p . dv , 

heat given to the gas, Q = - E x + p(v 2 - Vj). 

(d) Heating at constant volume, p . dv = 0, and dQ = dE. 

All the heat goes to increase the internal energy of the gas. 


V^Example 1. The temperature of the mixture of gas and air in a gas engine 
at the end of the admission stroke is 90° F., and the pressure 15 lb. per sq. in. 
absolute. The clearance volume is 4-6 cu. ft., and the total volume of 
clearance plus piston displacement is 12 cu. ft. Assuming adiabatic com¬ 
pression p.v x i — constant, determine the temperature at the end of the 
compression stroke. 

If the pressure after ignition is 240 lb. per sq. in., find the temperature in 
the cylinder. ( U.L ., B.Sc. (Eng.).) 


The student should draw a compression curve above the atmo¬ 
spheric lino and a vertical to represent increase of pressure at 
constant volume during explosion after compression and ignition, 
like the lower curve and constant volume line in Fig. 2 (p. 11 ). 

Here the temperature before compression is 

T x = 90° + 460° = 550° F. (absolute). 


Let T t = absolute temperature at end of adiabatio com¬ 
pression. 

. 0-4 


r._» .(sr 


Taking logarithms 


log T t = log 650 + 0-4 (log 12 - log 4*6) 

= 2-7404 + 0-4(1-0792 - 0-6628) = 2-907 
T, = 807° F. (abs.), or 807° - 460° - 347° F. 


hence, 
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Again, since the volume is constant during explosion, by the 
characteristic equation, the temperature is proportional to pressure. 
Now, p % X 4-6 1 * 4 = 15 x 12 1 * 4 
/12 \ 14 

that is, p 2 = 15 I I = 57-42 lb. per sq. in. 


and, at constant volume, 

T 240 _ 807 x 240 

- = - or T = - 

807 57-42’ 57-42 


3,373° F. (abs.) 


temperature of the charge at 240 lb. per sq. in. is 
3,373° - 460° = 2,913° F. 


Answer. 


^yjExample 2. If 0-1 lb. of gas occupying 0*5 cu. ft. is expanded in a 
^cylinder at constant pressure of 150 lb. per sq. in. absolute until its volume 
is 1 cu. ft., and is then expanded adiabatically to 5 cu. ft., find the tom- 
perature of the gas (a) at the end of the constant pressure stage, (b) at the 
end of the adiabatic expansion ; and calculate the heat expended and the 
work done during each portion of tho process. Take K p = 108 ft-lb., and 


1 


( U.L., B.Sc. {Eng.).) 


- (198- 144) = 5-4 ft-lb. 


K v = 144 ft-lb. 

Given, wR = w(K p - K v ) 

also pv = wRT, and initial temperature r l\ = 

Substituting values, 

(144 x 150)0-5 


Tr = 


5-4 


2,000° F. (abs.) or 1,540° F. 


(a) At constant pressure, 

V \ V 2 .. ^ . Tn v 2 

7fr = 7Tr > that ls - «T ~ . 


0-5 l ' 


T x T’ - 1\ v x 

therefore, at the end of tho constant pressure stage, 

T 2 = 2 T x = 4,000° F. (abs.), or 3,540° F. 

Heat energy received by the gas during expansion at constant 
pressure is 

w . K v (T t - T x ) = T x 198(4,000° - 2,000°)= 39,600 ft-lb., 

which is equivalent to 39,600/778 = 50-9 B.Th.U. 

The work done at constant pressure 

= p{v 2 -v v ) = (144 X 150) X \ 

= 10,800 ft-lb. Anaiver. 

(b) For adiabatic expansion, 

198 11 

y ~ 144 ~ 8 


and 



Taking logarithms log T 3 = log 4,000 - f log 5 = 3-3400, 
and we obtain, T t — 2,188° F. (abs.), or 1,728°F. 
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The gas neither receives nor gives out heat during an adiabatic 
change, therefore the work done by the gas is equal to its loss of 
internal energy due to change of temperature, which is w.K v (T z - T 2 ), 
namely, 

~ X 144(4,000-2,188) = 26,093 ft-lb. 

which is equivalent to 26,093/778 = 33-54 B.Th.U. 

To check this result, for the adiabatic curve, p z . v z Y = p 2 . v 2 Y , 



and log p 3 = log 150- — log 5 = 1-2150. 

o 

Wo have the pressure p 3 = 16-41 lb. per sq. in., and the work 
done during expansion, 

PM-PM 

y -1 

_ 144(160 X 1 - 16-41 x 5) 

I 

= 384 x 67-95, or 26,093 ft-lb. Answer. 

A pressure-volume diagram, drawn to scale, would show these 
changes cloarly. 


Example 3. Fourcu. ft. of gas at 20° C. and 14-7 lb. per sq. in. is com¬ 
pressed odiabatically to one-fifth of this volume. Determine : (a) the weight 
of the gas ; (b) tho pressure and temperature at the end of the adiabatic 
compression ; (c) the work done on the gas ; (d) the heat given out while tho 
gas is cooled to 20° C., at the reduced constant volume ; and (e) the pressure 
after cooling. Tho specific heat at constant prcssuro is 0*2404, and at constant 
volume 0-1718. 


We have 


0-2404 . . 

y ~ 0-1718 ~ 14 ’ 


and tho gas constant, 

R = (C7 P - C v ) J = (0-2404 - 0-1718) 1,400 = 96 ft-lb. 
(a) Then the weight of tho gas is found by the characteristic 
equation 


P = (!44 X 14-7)4 
RT X 96 x 293 


0*301 lb. 


(b) By the adiabatic law, p t . v % y = p x . v X Y , or p z = p 1 j 
the compression ratio — = 5 ; substituting the given values 


Y 

, and 


p % = 14-7 X 5 1-4 , and lo gp t = log 14-7 + 1-4 log 5 

= 2-1459, 


we obtain the pressure at end of compression, 
p t = 139-93 lb. per sq. in. 
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Again, the absolute temperature, T t . v t V ~ 1 = T x . vf - 1 



which becomes, 

T t = 293 X 5° \ 

and log T t = log 293 + 0-4 log 5 = 2-7465, 
and T, = 557-8° C. (absolute), or 284-8° C. 

Check this value by the relation 
T. /139-93\L±ii 
T x ~ ( 14-7 ) 14 

(c) Work done on the gas during adiabatic compression is 

144(13993 X 0-8-14-7 x 4) 

y — 1 0-4 

r J 

= 360 x 63 144 = 19,132 ft-lb. y 

The equivalent of this work is the heat energy given to the gas 

" W ” 1367 0 HU ' 

w 

since, by the energy equation, Q = E -f -j. 

(d) Now in cooling 0-301 lb. weight of gas at constant volume , 
from 284-8° C. to 20° C., the heat given out by the gas 

= 0-301 X 264-8° X 0-1718, or 13-69 C.H.U. 

( e) Also the pressure drops to that on the isothermal curve 

through the initial state point, and the internal energy of the gas is 
the same as at the outset, while the pressure is reduced to that on 
the isothermal, which, by Boyle's law, is 14-7 X 6, or 73-6 lb. per 
sq. in. Answer . 

If a pv diagram were drawn similar to BCA , Fig. 25, but to a 
suitable scale, the point B would represent the initial state of the 
gas as regards pressure and volume. During compression without 
gain or loss of heat, the change of pressure and volume would be 
shown by the adiabatic curve BC. Heat is rejected in the constant 
volume change GA , and no work is done. During the isothermal 
expansion, as the state point moves from A to B along the isothermal 
curve, the gaB receives heat at the rate required to keep the tem¬ 
perature constant, while the gas does work represented by the area 
under AB . The difference between the work area under BC done 
on the gas, and that done by the gas under AB , is BCA . When the 
state point moves round the closed area in the direction BCAB t 
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opposite to the hands of a clock, on the whole cycle, work is converted 
into heat. 


Example 4 One pound of air at 364° F. (178-9° C.) expands adiabatioally 
to three times its original volume, and in the process falls in temperature to 
60° F. (15*6° C.). The work done during the expansion is 38,410 ft-lb. 
Calculate the two specific heats. ( 17. L., B.Sc. (Eng.).) 


and 


T x = 178-9 + 273 = 451-9° C. (abs.), 
T t = 15-6° + 273 = 288-6° C. (aba.). 


Substitute given values in equation (9) (p. 72), 

Take logarithms (y - 1) log 3 = 0-19474, 
and y log 3 - log 3 = 0-19474, 
that is, y X 0-47712 = 0-19474 + 0-47712, 
from which, 

C n 0-67186 


451-9 
288-6 : 


3 y 


C' y 0-47712 


= 1-408, and C, = 1-408 C v . 


Again, by equation (6), 


W 


wR(T i - T t ) 


Substituting values, 


r-1 


, where wR = wJ(G v - C v ) 


38,410 = 


1 X 1,400(0, -C v ) (451- 9 -28 8-6) 

1 

C„ 


ft-lb., 


and 


C — C 

y - 1 = ——", and the equation reduces to 

38,410 


38,410 = 1.400C, x 163-3, and C , = 
/. C . = 1-408 X 0-168 = 0-23655. 


1,400 X 163-3 


= 0-168. 


Answer. 


To check calculations, substitute the values obtained, as above, 
for the work done 

C,-C v = 0-23655 - 0-168 = 0-06855, 

0-23655 

y = 


and 

also 


0-168 


= 1-408 


_ wR(T l - T y ) _ 1 X 1,400 X 0 06855 x 163-3 
W y -1 1-408-1 

— 38.410 ft-lb. 


Example 5. The characteristic constant for hydrogen is 1,382 ft-lb. units 
and its specific heat at constant pressure is 3*41 ; 3 cu. ft. of hydrogen, 
measured at 15 lb. per sq. in. and 18° C., are compressed adiabatioally to 
200 lb. per sq. in. and then expanded isothermally to the original volume of 
3 ou. ft. Determine the final pressure of the gas. Calculate the amount of 
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heat which must be added to the gas during isothermal expansion, and also 
the heat which must be abstracted from the gas after expansion in order to 
reduce it to its initial state of pressure. ( XJ.L., B.Sc . (Eng.), 1923). 

Let R represent the gas constant, then the difference of the - 
specific heats is 

c,-c,= that is, C v = 3-41 = 2-423 

Then, y=^; = |S == 1,4 ° 74 - 

200 

150 
.C: 

y wo 

I 

5 50 
0 

Fio. 26 

The adiabatic law is 

/p 2 \L / 200\._ 1 _ 

Pl . Vl y = Pi . v t y, or, - = (-)y •-= ( 15 ]'^ 

'faking logarithms, 

'»e U) = Tim <log 200 - '<* 15 > = TWTi “ 0,993 

Hence the compression ratio r = — = 6*3 ; and the volume at 

V 2 

end of the adiabatic compression, at state point, B t on the sketch 
diagram (Fig. 26), 

3 

= ^ = 0*4762 cu. ft. 

During isothermal expansion, the state point moves along the 
curve BC. 

Let p v p t and p z be the pressures at A, B and C (Fig. 26). 

At B and C , on the isothermal, 

P» ■ V, = p 3 ■ V v and p 3 = p, ^ 

p a = g^ == 31*75 lb. per sq. in. at (/. 



Hence, 
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By Joule’s energy law, the internal energy of a perfect gas 
depends only on its temperature, and the deviation by volume of 
hydrogen is practically negligible ; it follows that the internal energy 
of hydrogen is constant at every point on the expansion curve BC , 
Fig. 26. Therefore, the amount of heat received by the gas, to keep 
its temperature constant, is equivalent to the work done by the gas 
during expansion, and represented by the work area BCNF. The 
work done during expansion is 

W = p 2 v 2 X 2-3026 log 10 r 

= 144 X 200 X 0-4762 x 2-3026 log 6-3 
= 25,240 ft-lb. 
which is equivalent to 

T = T175? = 1803 C-H.U. Answer. 

Hence, also, the heat energy to bo extracted from the gas at 
constant volume, CA , to reduce the gas to its initial state must be 
the equivalent of the work done on the gas during adiabatic com¬ 
pression, AB, and represented by the area ABFN y equal to 

15 x 3 > _ 17,760 tUb. 

y - 1 1-40/4-1 

which is equivalent to 

17 760 

= 12-68 C.H.U. Answer. 

1,400 

The cycle ABC is closed, and the gas returned to its initial state. 

The difference between the isothermal work done by the gas, and 
the work done on it, which is 18-03 - 12-68 C.H.U. = 5-35 C.H.U., 
the heat converted into work, is represented by the area of the 
indicator diagram ABC. 

It is to be noted, when the state point moves round a closed curve 
in the direction of the hands of a clock, the gas, on the whole, 
receives more hoat than it rejects, and the difference is converted 
into work. 

By the principle of the conservation of energy, and Joule’s first 
law of the equivalence of heat and work— 

Heat received = Work done by the gas + Heat rejected 

becomes, in this case, 18-03 C.H.U. = 5-35 -f- 12-68 C.H.U. 

Further, the temperature in the initial state, A , is 

T x = 18° + 273 - 201° C. (abs.), 
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and we may calculate the temperature at B, due to the adiabatic 
compression. 


Tt 

Tx 


'PlV— _ / 200 \ 0-2895 

m y ~ l 15 ; 


y - 1 14074-1 

smce — = t -4074 = 0-2895 » 


from which, T 2 = 610° C. (abs.), that is, 343° C. 

The same result is obtained by taking the adiabatic change of 
volume, thus, 


T* 

Tx 



y-\ 

= 6-3 0 ' 4074 , and T t = 616° C. (abs.). 


As a check on the above calculations, estimate the quantity of 
heat given out by the hydrogon in cooling at constant volume, 
from 343° C. at the state C , to 18° C., the initial state at A. The 
temperature drop is 325° C. From the hydrogen gas constant, R , 
given equal to 1,382 ft-lb. per lb., we may calculate the density or 
weight of hydrogen in pounds per cubic foot at 0° C. and 14-7 lb. 
per sq. in., by the characteristic equation pv = wRT , which gives 
0*00561 lb. per cu. ft. By the same equation, reduce the 3 cu. ft. 
measured at 15 lb. per sq. in. and 18° C. to its volume at 0° C. and 
14-7 lb. per sq. in., which comes to 2*873 cu. ft., and so find its 
weight 2*873 X 0*00561, or 0*01611 lb. The weight is also obtained 
directly from the characteristic equation 


pv 15 x 144 X 3 
w ~ RT ~ 1,382 x 291 


= 001611 lb. 


The heat given out by this weight of gas in cooling at constant 
volume is 

w x C v X drop of temperature = 0*01611 X 2*423 X 325° 
= 12*68 C.H.U. 

The pressure at C is also determined from the temperature, since 
the volume is constant during cooling. The relation is 

YT^ that = % and Pt = Pl 

616° 


from which p z == 15 X 


291° 


31*75 lb. per sq. in. 


This method is important in tho determination of extremely high 
and quickly varying temperature in the gas engine cylinder, from 
measurements of pressure and volume on the indicator diagram. 

Bate of Heat Reception or Rejection by a gas in the engine cylinder. 
Assume the specific heats of the gas constant. Given a pv indicator 
diagram traced to scale, without knowing the temperature. 
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Let dp be the infinitely small change of pressure while the piston 
moves through a very short length of stroke and sweeps out the 

rf/n 

infinitely small change of volume dv. Then ^-is the rate of change 

of pressure per unit change of volume, at the point corresponding 
to the mean value of dv. If dp gets less, this is negative, as in 
expansion ; if dv is negative, the volume is decreasing, as in com¬ 
pression, and a positive value of is the rate of rejection of heat 
by the gas to the cylinder walls. 

Let dQ be the small quantity of heat given to the gas during the 
small change of pressure and volume, and dT the corresponding 

change in temperature, then^~ will represent the rate at which the 

expanding gas receives heat per unit change of volume . Also the 
rate of heat reception per secondy during the short interval of time dt is 
dQ dQ dv dQ 

— = — . — — — x volume swept by the piston per second. 

Now a pound weight of perfect gas follows the law 

pv = RT, or T — ~ 

By differentiating, we have 

dT 1 / dp\ 

to=R{P +v -Tv) .< U > 


Again, when heat dQ is given to a pound of gas for an infinitely 
small change of state, the energy equation is 

dQ = P • dv + C 9 . dT 

i „ *T 

.,«i __ P+0 ,._ 

n i i *1 i • <i i /> R I.* i * d T . ii i v 


Substituting the value C v =- T , and tho value of 

y - 1 


from ( 11 ), 


dQ R 1 / dp\ 

p, “ ja~ r x b 

from which, 

dQ 1 / dp\ 

to = ^r\[w + v Tv) • • 


the rate of reception of heat by the gas per unit change of volume. 

If y is known for the gas, and the values of p and v given on the 
indicator diagram, the rate of gain of heat by the gas may be 
calculated. 
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Since the expansion or compression curve follows the law, 

p . v" = k, a constant 
by differentiation, we obtain 

v" . + np . v " 1 = 0 ; 

dv 


hence 


dp __ np 
dv v * 


dp 

or V -Tv = ~ np > 


and this value reduces equation ( 12 ) to the form 
dQ 1 


l (yp-np) = y ~ 


or, 


dv y 

dQ = , p . dv = Zzif . dW 
y - 1 y - 1 


P 


( 13 ) 


-- X work done on the gas; and for adiabatic 
y } and = 0 , which is obvious. 


y - 1 y- 

That is, for a very small addition of heat, the increase in heat 
content of gas is -—~ 

y- 1 . 

expansion or compression n — A , ^ 

Alternative. To find the total heat, Q, received or rejected by 
1 lb. weight of gas during an operation in which the change of 
state is from p v v J9 T v to p 2 , v 2 , T 2 , by expansion or compression, 
according to the law p . v n = a constant. 

Let Q = external work done + change of internal energy. 
For a very small change, 
dQ = dW ~f" dE 

= p . dv + C v . dT 
The total heat change is 

Q= f;* p.dv + cJ Tt dT 


and becomes 


i- (T t -T,) 

For a perfect gas, 

C - and T 

' ~ y -r 1_ Ji 

so that 3V ^x= ^ - PjD,) 

Substituting, wo have 

Q 




= (ft®,-?,®*) 
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hence 


<2 = 


= Pi v i - Pi v 2 x y_z. 

n - 1 


R(T l 


Y~ 1 


71—1 


X 


y — n 

y- 1 


(14) 


or 


y — 7i 

Q = -— r X work done during the change. 

y - 1 


For an infinitely small change, we obtain as above (13) 

y - 7i , dQ y - n 

dQ = L — X p . dv y or — = ^— . p 
y - 1 av y - 1 

The latter expression gives the rate of heat reception or rejection 
per unit change of volume at any point on a pv diagram. Thus, for 
part of the expansion curve after the steep slope of the explosion 
peak of a gas engine indicator diagram, by plotting logp and log v, 
the value of n is obtained (p. 11). 

The rate of heat reception per second 

dQ 

dt 

becomes = -—j p x volume swept by the piston per second. 


dQ dv 
dv * dt 


Example 0. Suppose at part of the expansion curve of an indicator 
diagram from a gas engine the law is found to be p v 1 - 3 = a constant, and the 
ratio of the specific heats of the mixture is y = 1-37, then by (13), 

dQ 1-37-1-3 7 

dv ~ 1-37-1 ' P 37 P 

which is positive, and therefore the gas is receiving heat. Now, if the piston 
sweeps out 72 cu. ft. per min. when the absolute pressure on this expansion 
curve is 200 lb. per sq. in., what is the rate of heat reception at this instant ? 


72 


Hero the change of volume per second is = 1*2 cu. ft. per sec. 
p = 200 X 144 lb. per sq. ft. ^ 

dQ_^y-n dv 1-37-1-3 
dt y - 1 P dt 


when 

Hence 


1-37-1 


(200 X 144) 1-2 ft-lb. 


per second 

7 240 X 144 ~ I j. tt 7 

= — X ———, or 4-b7 C.H.U. per second 


37 


1,400 


The relative slope of the isothormal and adiabatic lines affords 
guidance in oach case. 

If the index, n, for the expansion curve is less than y, the slope 
of the curve is not so steep as the adiabatic, and the gas is receiving 


heat, ~ is positive ; but if n is greater than y, the expansion curve, 
av 

has a steeper slope than the adiabatic curve, and the gas is losing 


, dQ. 

heat, — is negative. 

dv dQ 

When n = y, ^ = 

' dv 


0 , the curve is adiabatic, the gas neither gains 


4—(T. 5434 ) 
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nor loses heat, and it does the work of expansion at the expense of 
its stock of internal energy. When n == 1, the expansion is isother¬ 
mal, and the heat received is equal to the equivalent of the work 
done by the gas, while its internal energy remains the same. (See 
Fig. 25.) Operation from C : during isothermal compression, the 
rate of heat rejection will be equivalent to the rate at which work is 
being done upon the gas. 

Also when n for the compression carve is less than y, heat is taken 
from the gas ; and if n is greater than y, the heat rejection will be 
negative, and the gas will be receiving heat during its compression. 
For example, if the law of the compression curve is piA 26 = a 

constant, and y = 1*4 for the gas, we have ^ = 0*375p. This is 

the rate at which the gas is giving out heat per unit decrease of 
volume. 


Example 7 . An internal combustion engine has the following dimensions: 
diameter of cylinder, 22 in.; stroke, 30 in.; compression ratio, 13-6. At the 
end of the suction stroke the pressure is 14 lb. per sq. in. and the temperature 
is43°C. Compression follows the law pv 1,7 — C. Determine (o) the pressure 
and temperature at the end of compression ; (b) the weight of the charge; 
(c) the work done ; and (d) the heat rejected during compression. Assume 
the specific heat at constant pressure to be 0*238 and at constant volume to 
be 0*169. ( U.L., B.Sc . (Eng.), 1921.) 

Given ^^Sr 1 ' 408 

and R = (C 9 - C„) J = (0-238 - 0-169) 1,400 = 96-6 ft-lb. 

The sectional area of cylinder = rrr 2 = 380-1 sq. in., and stroke 
380-1 30 


volume = 


144 12 


X rx = 6-6 cu. ft.: also clearance volume from 


6-6 


compression ratio = —, ; — 0-628 cu ft., hence total volume of 
1^*0 

cylinder is 7*128 cu. ft. = volume of charge. 

T x = 273 + 43° C. = 316° C. (absolute) 

( 6 ) Weight of the charge 

(a) During compression, 

Pi • V '* 7 = Pi • V - * 7 . or p t = ^ = 14 (13-6) 1 * 7 

Taking logarithms, 

log p t = log 14 + 1*37 log 13*5 = 2*69408, 
hence p t = 495* 1 lb. per sq. in. 

also T x = T, I- 1 ) = 316 X lS-S 017 

= 827*77° C. (absolute), or 664-8° C. 
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_ Vt v t - Pi v i _ 144(495 1 x 0*528-14 x 7*128) 
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n - 1 


1*37-1 


CO QAA 

= 62,900 ft-lb„ or = 44-93 C.H.U. 
(d) Since y > n, heat is rejected, and 

y — fl 

Q = —- X Heat equivalent of work done. 

Therefore, heat rejected during compression 
1*408-1*37 


1*408-1 


X 44*93 = 4*185 C.H.U. Answer . 


Example 8 . Air at a temperature of 59° F. (15° C.) is compressed in a 
cylinder from 16 lb. pressure (absolute) to 120 lb. pressure (absolute) per 
square inch. The equation of the compression curve is pv lM = constant. 
Find the work done in compressing a pound of air, and the heat that escapes 
through the cylinder wails. ( U.L ., B.Sc. (Eng.).) 

Here T x = 15° + 273 = 288° C. (absolute) 
and p t = 15 X 144 lb. per sq. ft. 

pv 

Now by the characteristic equation for 1 lb. of air,^- = 96, 


and 


96 X 288 _ OQ . 
V, = T 3 -rrr = 12*8 cu. ft. 


1 15 x 144 

Work done in compression is 

in-i 


/p .\’LJ /120\L2Lzi 

(pj " = (l5~) 125 = 8* = 161572 


and 


W = 


{ 81 - 1 } 


1-25 - 1 

hence W = 4 x 144 X 15 x 12-8 (1-51572 - 1) = 57,034 ft-lb. 
Heat equivalent of work done on the air 
57,034 


1,400 


= 40-74 C.H.U. 


By (14) (p. 83), the heat rejected by the air during compression is 

V — 71 

Q = -—r x work done 

y-i 

Substituting values, 


Q — “TT^T- X 40-74 C.H.U. 
1*4-1 
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Heat rejected 

= 4074 = | x 40-74 = 15-28C.H.U. 

0-4 8 

or 15-28 X 1-8 = 27-5 B.Th.U. Answer. 



Cub. ft. 

Fig. 27 


Otherwise , as a check, the volume after compression may be found. 
Since p, . v , 1 ' 25 = p 2 . V 25 . ^ == 8- = 5-278 

and ** = 5 ^ = 2 ' 425 

then, work done, 

w Pt v t~Pi v i _ 144(120 X 2-425- 15 x 12-8) 

~ n- 1 ~ 1-25-1 

= 4 x 144(291 - 192) = 57,024 ft-lb. 

= 40-73 C.H.U. 
and heat rejected 

= | X 40-73 = 15-274 C.H.U., or 27-49 B.Th.U. 

Example 9. Air at 60° F. and atmospheric pressure (15 lb. per sq. in.) is 
expanded adiabaticaliy till the oressure is 2 lb. per sq. in. The air then 
receives heat at constant pressure until its temperature is again 60° F., and 
is afterwards compressed adiabaticaliy to the atmospheric pressure, and 
exhausted at that pressure. Find the temperature at exhaust and the heat 
rejected in the exhaust per unit of work done. ( U.L ., B.Sc. (Eng.).) 

Given T a = 60° + 460° = 520° F. (absolute), 
take y = 1-4, = ip and C v — 0-238 

In adiabatic expansion, ab, Fig. 27, 



/p.\2^ i / 2 \ 2 

.-. T„ = T„ 1^1 y - 520 (^ U = 292-4° F. (abs.) 
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Heat received by 1 lb. air at constant pressure, during 6c, 

Q t = 0*238(520° - 2924°) = 0-238 X 227*6 = 54*17 

B.Th.U. 

Adiabatic compression, cd f 


/\5\l±zA 

T d = 520° hr I 14 = 924*7° F. (abs. 
\ L / - 460° 


924-7°F. (abs.) 


/. temperature at exhaust = 464-7° F. Answer. 

Or, since the adiabatics ab and cd are between the same constant 
pressures, we have 

T T T K9n 

jr = /. T t = T e X ^= 5 2 0 X ^ = 924-7°F. (abs.) 

The heat rejected by 1 lb. of air in the exhaust, at constant pressure 
during da , is 

Q x = 0-238(924-7° - 520°) = 96-32 B.Th.U. 

The work done on 1 lb. of air during this complete cycle in the 
counter clockwise direction, is represented by the area abed , and is 
W = Q x - Q 2 = 96-32 - 54*17 = 42*15 B.Th.U., 
equivalent to 42-15 X 778 = 32,800 ft-lb. (nearly). 

the heat rejected in the exhaust per unit of work done is 

S-SSS?— 

Otherwise , we may find the volumes of 1 lb. of air at the state 
points a, 6, c, d, and calculate the work done in each operation— 

The volume of 1 lb. air at 60° F. and 15 lb. per sq. in. pressure is 
RT a 53-2 x 520 10 Q1 Ui 

V • = = 15 X 144 = 12 ' 81 CU - ft ’ (apF0X ) 

In the adiabatic expansion, ab> 


v a \PbJ \ 2 / 

/15\ ? 

= 12-81 =6* 


54 01 cu. ft. 


At constant pressure on 6c, wo have ■— = 

I o I b 

V, = 520 X l^ 1 = 96 06 cu. ft. 
and the volume, after adiabatic compression, od, is 
= 9606 X = 9606 x (j|) Y = 


22-77 cu. ft. 
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Hence the work done by 1 lb. of air during adiabatic expansion 
a6, represented by the area under ab to zero pressure line, 

144. 

is 7 T 7 (15 X 12-81 - 2 x 54-01) = 30,280 ft-lb. 

0*4 

Also, during expansion be at constant pressure, 2 lb. per sq. in., the 
area under be represents the work done by the air 

= 144 x 2(96-06-54-01) = 12,110 ft-lb. 

Again, the work done on the air during adiabatic compression cd, 
is shown by the area under cd to zero pressure, and is equal to 

= 360 X 192(1-7783 - 1) = 53,800 ft-lb. 
and during exhaust da at constant pressure 15 lb. per sq. in., the 
work done on the air is represented by the rectangular area under 
da, between ordinates drawn from d and a, and is equal to pressure 
X change of volume, 

144 x 15(22-77- 12-81) = 2,160 X 9-96 = 21,513 ft-lb. 
net work done on the 1 lb. of air, represented by the area abed , is 
53,800 + 21,513 - (30,280 + 12,110) = 32,923 
32 923 

and equivalent to —==q~ = 42-32 B.Th.U. (nearly). 

11 o 

Hence the heat rejected in the exhaust, per unit of work done, is 

QA.QO 

q q- qoq 5=8 0*002926 B.Th.U. per ft-lb. Answer. 

Total Heat of a Perfect Gas. For unit mass of a fluid, by 
definition, H — E + A p . v (p. 52), where H and E are in heat 
units. 

H t -H 2 = E t -E t + A (PyVy - p t v 2 ) 

Hence for a perfect gas the change in total heat 

H l -H i = C\ (T l - I’d + AB (2\ - I’d 

= c,(i’ 1 -i’d + (c;-cy (Tj— T t ) 

= C v (T l — I’d 

(а) For an isothermal change — 

dT = 0, i.e. T 2 = T x and hence H is constant 

(б) For an adiabatic change — 

The adiabatic heat drop H x — H 2 = v .dp (p. 55) 

J 2 

j 

JC' 

But p.v y = constant K , i.e. v — — 

p y 
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/. H t -H t 

But K 
H^-H, 


1 

K v 


1 

p > dp Ry 
Jpt P y 


Pv v i or P»W 



i r y^i y-n 

& [PiZ z Ps 11 


y— 1 

y 



y-1 l 

* Pi r ~ Pf 


tzi] y 

X Pi y J Y - 1 


~ i[pi *i -A »•] 

GATi-Ti) 


It should be noted that this adiabatic heat drop is a measure of 
the work done by unit mass of the gas in entering a cylinder at the 
higher pressure, expanding adiabatically to the lower pressure, and 
being rejected from the cylinder at the lower pressure, or the work 
done on the gas in drawing in at the lower pressure, compressing, 
and rejecting at the higher pressure. 

The work is represented by the area abed in Fig. 21, p. 55. 

(c) For a Constant Pressure Change — 

H = E + A p . v 
dH = dE + A p .dv 
= dQ 

i.e. H x — H % — Q (True for any fluid) 

= Cp (T x — T 2 ) (True for perfect gas) 

(d) For a Constant Volume Change — 

H = E + A p . v 
dH — dE + A v .dp 

i.e. H x — H 2 — E x — E % + A v (p x — p 2 ) (True for any fluid) 

— C v (T x — T 2 ) + A v (p x — p % ) (True for a perfect gas) 

Mixtures of Perfect Gases (Dalton’s Law). Dalton formulated the 
principle that “any gas acts as a vacuum to any other gas mixed 
with it.” This may be more generally stated as follows. In a 
mixture of perfect gases which do not react chemically with one 
another, the total absolute pressure exerted by the mixture is the 
sum of the partial absolute pressures which each gas would exert 
if it separately occupied the same volume, and was at the same 
temperature as the mixture. In other words in such a mixture, 
each constituent gas obeys its own characteristic equation, as if the 
other constituent gases were absent. 

In practice actual gases follow this law as closely as, if not more 
so than is the case with the other relations of a perfect gas so far 
considered. 
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Partial Pressures . Let the volume of w lb. of mixture at absolute 
pressure p lb. per square foot, and absolute temperature T, be 
v cubic feet. 

Then p v = wRT 

If suffixes 1 and 2 refer to the constituent gases 
then p x v = w x R x T and p 2 v — w 2 R 2 T 

T V 

and p = p x + p 2 = (w t R x + w 2 R 2 ) - = (w l R l + w 2 R 2 ) wR 


i.e. wR — w 1 R 1 + wJR 2 


also 


Pi = wjti 
p wR 


and 


Pi 

V 


w 2 Ri 

ivR 



iv l R l 

wJL 


Now the universal gas constant G — mR where rn is the mole¬ 
cular weight of the gas. 


Hence — — 
P 


also - 1 = 
Pi 


w l R l 

wR 


w x m , v 2 
== —- and -- 2 
wm x p 


w l R l w x m 2 
w 2 R 2 ~ w 2 m x 


w 2 R 2 

wR 


w 2 m 

wm 2 


But — and — are the number of pound mols. in each gas 
m x m 2 

respectively. 

p x number of pound mols. of gas l 
p 2 number of j)ound mols. of gas 2 

Volumetric Analysis. Let v x and v 2 be the volumes of the con¬ 
stituent gases at the mixture pressure p. 

Then pv x — p x v and pv 2 — p 2 v 

V\ -l v 2 

i.e. Pl = p- i and p 2 = p-^ 


Thus the partial pressure of a constituent gas is measured by the 
product of the mixture pressure, and the fractional volumetric 
content of that gas. 

Combining the two equations given above— 


Pi ^2 

which shows that the partial pressures of the constituent gases are 
in the same ratio as their respective volumetric contents. 

Specific Volumes of Mixtures . Let v $ represent specific volume. 
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Then from Dalton’s Law 


thus 


i.e. 


v 

V 

v. 


wv. 


W A V t 




w 2 v a2 and w = w x + w 2 


+ 




v s2 

1 


"si "s2 

Molecular Weights of Mixtures. Although a mechanical mixture 
of gases has strictly speaking no molecular weight, it is sometimes 
convenient to use its equivalent molecular weight. 

Let v x and v 2 be the volumes of the constituent gases in a pound 
mol. of mixture having a volume v at normal temperature and 
pressure (N.T.P.). 

Then as a pound mol. of any gas occupies approximately 359 
cubic feet at N.T.P.— 

vu vu , w 9 m 9 


Oh and ^ 

359 


1 2 
359 


t x UiJ V 2 

Hence the weight of the mixture, which is the weight of one pound 
mol., and therefore the molecular weight of the mixture 


is 


But 


m x v i m 2 v 2 

Wl = Wl + ^= 359 + 359 
i\ Percentage volumetric content of gas 1 
359 = 100 

r.j Percentage volumetric content of gas 2 


! 2 _ 

359 100 

(Percentage Volume of gas 1) + 

(Percentage Volume of gas 2) m 2 
100 

A formula in terms of weights can also be obtained thus. 
w lb. of mixture contain u\ and w 2 lb. of constituent gases. 

u\ + w 2 , 


Hence m 


Let 


Then 


m 


~ 351) 
v 


v x - 1 - V, 
w x + w 2 


• 359 


+ _2 
m x ' m 2 

Example 10. Air at a pressure of 15 lb. per sq. in. absolute is contained in a 
closed vessel. If air consists of 23-2 per cent oxygen and 76*8 per cent nitrogen 
by weight find (a) the volumetrio analysis of the air, (6) the equivalent mole¬ 
cular weight of air, (c) the partial pressures of oxygen and nitrogen in the air. 

(a) From the equation — = 

v 359 


v o __ w o ^ m N __ -3*2 , 28 649-6 
v N ~~ X m o 76-8 X 32 2,457-6 
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Vol “ metri ' ! » ( °W» - = 649-6 + g4»- 6 

= 21 per cent 

Volumetric content of nitrogen = 100 — 21 = 79 per cent 
(6) From the equation 

__ m x (per cent v of gas 1) + m 2 (per cent v of gas 2) 

m ~ loo 


m for air = 32 X 0-21 + 28 X 0-79 = 28-84 

or from the equation m — * ~~~ ~ taking 1 pound air 


+ ^2 


m 


m = 


m 2 

1 


0-232 0-768 

32 + 28 


- 28-86 


It should be noted that if other gases in air such as carbon dioxide 
and argon are taken into account, a more exact value for the 
equivalent molecular weight of air is 28-95. 


(c) From the equation p x — 



Po = P~ = 15 X 0-21 = 3-15 lb. per sq. in. 

p N = p^ = 15 X 0-79 = 11-85 lb. per sq. in. 

Total Heat of Mixtures . For one pound of gas H = E + A p v $ 

, . H — E wH — wE 

and A p = -=- 

v 8 wv g 

Hence for a gaseous mixture 

A p = A (p x + p 2 ) 

wH — wE _ w x H x — w l E 1 w 2 H 2 —w 2 E a 

WV, ~ W l V n W 2 v 8 2 

But each constituent gas occupies the same volume v where 
v — wv 8 — w x v 8l = w 2 v a2 

Hence wH — wE = (w l H 1 — w x E^) + (w 2 H 2 — w 2 E 2 ) 

Now from Dalton’s Law it follows that the internal energy of a 
gaseous mixture is equal to the sum of the internal energies of the 
constituent gases, when each constituent gas alone occupies the 
volume of the mixture, at the temperature of the mixture. 

Hence wE = w l E 1 + w 2 E 2 

and wH = w 1 H l + w 2 H 2 
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Thus the total heat of a gaseous mixture is equal to the sum of 
the total heats of the constituent gases. 

Specific Heat of Mixtures 

^ (a) Let the specific heat be measured in heat or work units per 
pound of gas. Then as the internal energy of a mixture is equal to 
the sum of the internal energies of the constituents, 

w C v dT = w^C vX dT + w 2 C v2 dT 
w 2 


i.e. 






W 


vl 


+ - c v: 

w 


- (b) Let the specific heat be measured in heat or work units per 
cubic foot of gas. Then— 

vC v dT = v x C vl dT + v 2 C v2 dT 


i.e. 




vl 


V 


v2 


Example 11. The composition of a gas by volume is H, 45*4, CH 4 20*7, 
CO 16-1, CO, 4*3, N, 13-5 per cent. Find the density of this gas in lb. per cu. ft. 
at a pressure of 14-7 lb. per sq. in. aba. and a temperature of 0° C. Also 
calculate the mean volumetric heat, taking the volumetric heat of the diatomic 
gases as 6, of CO, as 7-3, and of CH 4 as 8-7. What is the value of the adiabatic 
index? R^i = 1985. 

A comparison of the values of the volumetric heats given in this 
question with those in Table II, p. 68, indicate that the units are 
heat units per pound mol. 

A perusal of the paragraphs on molecular weights and specific 
heats of mixtures, make the table given below self explanatory. 


1 

2 

3 

4 

6 

Composition 
of gas 
cu. ft. 

Molecular Wt. 
of constituent 
lb. 

Proportion of 
Molecular Wt. 

1 

Specific Heat 
of constituent 
C.H.U. per 
mol 

per degree C. 

Proportion of 
Specific Heat 

V 

m 

m.v. 

c 9 

vC 9 

H, 0-454 

2 

0-908 

5-0 

2-270 

CH 4 0-207 

16 

3-312 

8-7 

1-800 

CO 0-161 

28 

4-508 

6-0 

0-805 

CO, 0-043 

44 

1-892 

7-3 

0-314 

N, 0-135 

28 

3-780 

5-0 

0-675 

1-000 


14-400 


5-864 







From the above table (column 3) 

(a) Molecular weight of gas = 14-4. 
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Now p v — OT where v is the volume of a pound mol. at N.T.P. 
and 0 is in work units. 

1-985 X 1400 X 273 


v = - 


14-7 X 144 


358 cu. ft. 


.. r molecular weight 14-4 A 0 u 

.. Density of gas = — T - ? -r-S— = -^r = 0-0402 lb. per 

molecular volume 358 S C F 

From the above table (column 5) 

(b) Specific heat of gas = 5-864 C.H.U. per mol. per degree C. 

5-804 x 1,400 Q n v 

= - 0 ---— ft-lb. per S.CT. per 

Jo8 degree C. 

i.e. C v = 22-9 ft-lb. per S.C.F. per degree C. 

(c) C 9 = C v + G =-= 5-864 + 1-985 

= 7-849 

w C v 7-849 

Hence 7 = jt ; = ^ = 134 


Properties ol a Vapour. So far we have only considered a fluid 
which under normal conditions remains in a gaseous condition. 
Such substances are oxygen, nitrogen, etc. We must now consider 
fluids which under normal working conditions may be either in a 
liquid or a vapour state, such as H 2 0, ammonia, carbon dioxide, 
etc. The behaviour of such fluids is typically represented by steam 
and water. With such fluids the simple laws of perfect gases do not 
even approximately apply. 

The various states of such a fluid will now be considered. 

(a) Saturated Vapour. Under normal equilibrium conditions a 
vapour such as steam if in contact with its liquid (water) is said to 
be in a saturated condition. 

(b) Dry Saturated Vapour. If a mixture of saturated vapour and 
liquid is heated at constant pressure, the liquid will gradually 
change into vapour. Just at the point where all the liquid has been 
converted into vapour, the stuff is said to be dry saturated. The 
amount of heat required to convert one pound of liquid into dry 
saturated vapour at the same temperature and pressure, is called the 
Latent Heat. 

For any particular pressure, there is only one temperature at 
which the liquid will change into vapour, this temperature, called 
the saturation temperature , remaining constant as long as the pressure 
remains constant, and as long as there is any liquid present. Values 
of the saturation temperature, and latent heat for various pressures 
are given in steam tables (see Chap. IX)*. 

* See footnote p. 377. 
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(c) Superheated Vapour. As soon as all the liquid has been 
converted into vapour, the temperature will rise with any further 
addition of heat at constant pressure, the vapour now being super¬ 
heated. Thus superheated vapour may be defined as vapour at a 
temperature higher than the saturation temperature corresponding 
to its pressure. The behaviour of the vapour will now approximate 



more and more to that of a perfect gas, the further the temperature 
is removed from the saturation temperature. 

(d) Wet Vapour. If dry saturated vapour lias heat abstracted 
from it while the pressure remains constant, some of the vapour 
will condense at constant temperature. This mixture is termed wet 
vapour, and is described by its dryness fraction. The dryness fraction 
is the fraction of the whole mixture which is vapour. 

The various states described above are well illustrated by the 
isothermal lines in Fig. 28 plotted by Professor Thomas Andrews 
from the results of his experiments* on the behaviour of carbon 
dioxide (C0 2 ), known as carbonic acid. The C0 2 “gas'’ was com¬ 
pressed over mercury in a capillary glass tube, carefully calibrated. 
Another similar tube, placed beside it and connected with it, 
* Phil. Trans. 1869, part II ., p. 675; ibid. 1876, part II. 
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contained dry air, which acted as a pressure gauge. Both tubes 
were kept at any desired temperature in a bath, and the pressure 
altered by a screw plunger. 

Starting with dry C0 2 at a point vertically below D , keeping the 
temperature constant at 13-1° C., the volume is gradually reduced 
by compression to 49 atmospheres at the point A, when the vapour 
is saturated, and with a slight increase of pressure condensation 
begins. The pressure remains practically constant as the volume 
is reduced and the vapour condensed from A to B. Only a slight 
increase of pressure is required to convert all the vapour into liquid 
at B. By increasing the pressure up to 95 atmospheres the volume 
of the liquid is only slightly reduced from B to C. 

At the constant temperature 21-5° C. a similar isothermal, DEFQ , 
is obtained. The pressure is gradually increased from D to 61 
atmospheres at E , the saturation pressure of the vapour, when a 
sharp, clearly marked change is observed to the liquid state, and 
condensation continues at constant pressure as the volume is 
reduced from E to F until all the mixture becomes liquid. 

Starting from N , at 31-1° C., the compression curve shows that 
the volume diminishes regularly until a pressure of about 73 
atmospheres is reached. The volume is then reduced very rapidly 
to about one-half, as seen by the points of inflection in the isothermal, 
while the pressure is increased steadily to 75 atmospheres, and there 
is no evidence of condensation or separation of liquid in the tube, 
the space being then occupied by a homogeneous fluid. “ No 
apparent liquefaction of CO a , or separation, into two distinct forms 
of matter could be effected, even when a pressure of 300 or 400 
atmospheres was applied.” The isothermal for 35*5° C. is similar, 
but the inflection by change in volume is less abrupt. 

(e) Critical Point. It is seen from Fig. 28 that if carbon dioxide 
is below a temperature of 31° C., then conversion from superheated 
vapour to liquid via a wet vapour stage can be effected by an 
increase in pressure if the temperature is maintained constant, while 
if the temperature is above 31° C., then there is no discontinuity as 
between the liquid and superheated vapour phases. If the fluid is 
therefore above the temperature 31° C., then increase of pressure 
alone will not liquify the superheated vapour. 

This temperature is termed the critical temperature for CO„ the 
corresponding saturation pressure being the critical pressure. 

For comparison, the approximate critical values for C0 2 , H a O and 
air are given in Table III. 

The relative positions for the isothermals for air at 13°, 31° and 
48° C. are shown in Fig. 28 and indicate why there are more simple 
laws for air than for C0 2 , etc. 

(/) Steam Tables and Properties of Refrigerants. These properties 
are available in tables and on charts. They are discussed in Chapters 
IX and XV. 
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Substance 

Critical pressure 
lb. per sq. in. abs. 

Critical Temperature 
°F. 

CO, 

1,070 

87-8 

H,0 

Air 

3,200 

705 

575 

-221 


Van der Waals devised a general equation giving the relation of 
p> v and T for any fluid through any range of temperature and 
density from the state of liquid to that of a vapour and perfect gas: 

(a\ RT a 

P + (^) ( v-b) = RT, or p = — b -j, 

where a and b are constants, determined by experiment for any 
fluid. 

Here, a makes allowance for the pressure in the gas due to the 
mutual attraction between the molecules, assumed proportional to 
the square of the density, but independent of the temperature. 
This internal molecular attraction assists the external pressure of 
the enclosure in preventing the fluid from expanding. The effect 
is to add a term to p of the form a / v l where a is assumed constant, 
although it is probably less the higher the temperature. 

The other correction is for the size of the molecules, which 
reduces the free space and volume of the gas by an amount b per 
unit volume. This co-volume b represents the least volume the 
gas can occupy when the pressure is exceedingly high ; and by the 
equation, at absolute zero, when T = 0, we have v = 6. 

The equation of Van der Waals, plotted on squared paper, agrees 
approximately with the general form of the isothermals (Fig. 28) 
for carbonic acid in the liquid and vapour states obtained by Dr. 
Andrews, and shows the deviation of vapour from the ideal gas 
when suitable constants are chosen for each substance, but fails to 
represent with sufficient accuracy the exact quantitative results of 
these experiments, or the behaviour of a fluid in all states. There 
is discrepancy between the actually observed values of the saturation 
pressures and volumes and those calculated from this equation. 

Callend&r’s Characteristic Equation gives the behaviour of any 
vapour, saturated or superheated, at low and moderate pressures 
and temperatures, and may be written in the form 
RT , RT 

v = _- e-f 6, or v=-p-(c-6) . . (15) 

where v = volume in cubic feet per pound ; P = pressure in pounds 
per square foot; T = absolute temperature in degrees Centigrade ; 
c is a function of the temperature only ; R and b are constants. 
This equation does not hold even approximately over an unlimited 
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range, but it is of such a form that simple thermodynamic relations are 
readily deduced from it, between the various properties of steam, 
and give results which agree very closely with the values observed 
by experiment. Callendar has applied it to calculate his tables of 
the properties of dry steam for pressures up to 500 lb. per sq. in., 
such as are commonly required in modern steam engine practice. 
This is well below the critical point for water, which is about 374° C., 
and critical pressure 200 atmospheres.* 

For 1 lb. of the ideal perfect gas PV = RT , and the volume 
RT 

V = -p- . The volume of any actual gas, having the same values 

of P, T , and R , is less than this ideal volume. The diminution of 
volume from that of the ideal gas is regarded as due to co-aggregation 
or pairing of the molecules, which reduces the volume. Callendar 
deduced the “ co-aggregation volume/’ c, from the cooling effect 
in throttling, and showed that, for a vapour at low and moderate 
pressure, it may be regarded as a function of the temperature of 


the form c 


-*(?)'• 


where c 1 is the value of c at 100° C., or 


373*1° C. absolute. 

All the experiments on a fluid, in the state of gas or vapour, show 

RT 

that the defect (c - 6) of volume from the ideal gas volume — is a 

function of the temperature only at low pressures, and the increment 

RT 

of logs P == (c-6)/-p . 

The numerical value of n depends on the nature of the fluid, 
and for steam n = The value of c agrees very closely with the 

o 

results of experiments on the cooling effect in the porous plug by 
Joule and Thomson, and is mainly based on the more recent 
throttling experiments of Jenkin and Pye, Grindley, Peake, as well 
as those by Nicolson and Callendar. The cooling effect is the 
ratio of the drop of temporature for every pressure drop of 1 lb. 
(dt\ 

per sq. in. = 1^1 in a throttling process at constant total heat H. 

The co-volume, 6, is taken as the minimum volume of the fluid, 
that is, when reduced to the liquid state. For water, the co-volume 
of 1 lb. at 0° C. == 0*01602 cu. ft. 


Taking n = for steam, the constant R = 


py" ... 1,400P 

calorie per lb., or R = -^-ft-lb. per lb. of vapour, 

RJ = 0*11012 x 1,400 = 154*168 ft-lb., 

* Revised Edition by G. S. Callendar (Edward Arnold & Co.) now gives 
values up to 3,000 lb. per sq. in. 


= 0*11012 mean 
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and Cj = 0-4213 cu. ft. per lb. at 100° C.; then the co-aggregation 

volume /373-1\ 1® 157-52 x 10« 

c = 0-4213 I-y-j3 = 


10 

TJ 


Substituting these values, the Callendar equation for dry saturated 
and superheated steam is 

154 168T 157-52 X 10 6 

-p- To - + 001602 . (16) 

TT 

Example 12. Calculate the volume of 1 lb. of dry saturated steam at 170° C. 
The saturation pressure is 115 lb. per sq. in. 

We have T = 170° + 273-1° = 443-1° C. absolute 

and P = 115 X 144 lb. per sq. ft. 

154-168 X 443 1 157-52 X 10« , Anlfl 

V = ~ 115 x 144 ~ '- + °'° 16 

110 X 144 443 .IT 

= 4-1251 - 0-2375 + 0-016 = 3-9036 cu. ft. 

which agrees closely with the value given in the tables. 

Suppose this dry saturated steam is superheated 100° C. at 

constant pressure 115 lb. per sq. in. The temperature is now 

T = 270° + 273-1° = 543-1° C. absolute 

, 154-168 x 543-1 157-52 X 10* , Anwi 

"” 1 *- 116 X 144 ~ „,,1S + ° 0,6 

543-13 

= 5-0561 - 0-1205 + 0-016 = 4-95 cu. ft. 

Again, in Example 12, starting with 1 lb. of dry saturated steam, 
suppose the temperature is kept constant 170° C., whilst the pressure 
is reduced from 115 lb. to 20 lb. per sq. in. The term c remains the 
same, the volume per pound is found by tho characteristic equation 
(16), or from the total heat, H , 673-35 C.H.U. by (17), to be 23-497 
cu. ft., and the steam is superheated. 

Example 13. Find tho volume of 1 lb. of steam at 230° C. and 120 lb. per 
sq. in. 

T = 503-1° C. absolute ; and the total heat H = 695-95 C.H.U per lb. 

Substituting values in equation (16), gives 

154-168 x 503-1 157-52 x 10 6 , A AWI 

+ UUlo 


v = 


120 X 144 


10 

503-1T 


= 4-4885 - 0-1555 + 0-016 = 4-349 cu. ft. 

In this case the steam is superheated, since the saturation tem¬ 
perature for pressure 120 lb. per sq. in. is 171-75° C. 

Professor Dalby derived from the characteristic equation and 
that of total heat (p. 384) a simple expression for the volume in 
cubic feet per pound of dry saturated or superheated steam— 

+0012 , . . . 
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where p = lb. per sq. in., and the corresponding value of H is given 
in the steam tables. 

Thus, for the case of saturated steam at 115 lb. per sq. in. (as in 
Example 12), from tables the total heat H = 663*44, and 

v = 2-243^44 - 464 ) + o-o 12 3 
115 

= 3*8910 + 0*0123 = 3*9033 cu. ft. per lb. 

The constant 0*0123 is negligible at low pressures, and up to 
400 lb. per sq. in. is less than 1 per cent. 

The volume in Example 13, works out by formula (17), to 4*349 
cu. ft. 

Supersaturation o! Steam. C. T. R. Wilson showed by experiment* 
that water vapour, mixed with air free from dust and saturated at 
20° C., can be suddenly expanded until its pressure is eight times the 
normal saturation pressure corresponding to the temperature after 
expansion, and its temperature is much lower than that of saturation 
at the actual pressure reached, without condensation taking place. 
With expansion beyond this limit , or Wilson curve (p. 464), extremely 
rapid condensation begins, a dense cloud of thick fog being formed 
of very fine particles as centres or nuclei of condensation. 

Callendar estimates the radius of each nucleus about 5 x 10 8 cm., 
of the same order of magnitude as the co-aggregated or paired 
molecules in water-vapour at 20° C. 

Professors Callendar and Nicolson first pointed out the loss of 
heat-drop due to supersaturation in the rapid expansion of steam 
observed in their experiments.! The adiabatic law of expansion : 
P (v-6) 1,3 = constant, still holds while the steam remains dry and 
supersaturated. The time taken to reach the throat of the nozzle 
is only about 0*0001 second, and it is probable that the steam flows 
through the nozzle in a supersaturated condition, while the condensa¬ 
tion at the throat must be very small, seeing it is retarded by the 
surface tension of the small drops, and it takes place very rapidly 
after passing the throat. 

From data obtained in trials of the performance of marine steam 
turbines, Callendar defined the supersaturation limit at 3 per cent 
equivalent wetness of saturated steam, from which the total heat, H , is 
more easily deduced than from the Wilson limit, and gives results 
in agreement with observations on both high and low pressure 
steam turbines. 

Mixtures of Oases and Vapours. Dalton’s Law holds approxi¬ 
mately for mixtures of gases and vapours which do not combine 
chemically. In such a mixture the total pressure of the mixture is 

* Phil. Trans. R.8. , 1897, p. 301. 

t “On the Law of Condensation of Steam,** Proc. Inst. C. E. t 1898, Vol. 
CXXXI, p. 147 ; also Proc. Roy. Soc ., 1900, Vol. LXVII, p. 266 ; and “ Flow 
of Steam Through a Nozzle,** Inst . Mech . E. 9 1916, p. 63. 
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equal to the sum of the partial pressures of the constituents, and 
each constituent acts under its partial pressure as if the other 
constituents were not present. 

(а) Wet Air. A special case of such a mixture is that of moisture 
in air, and this will be used to illustrate the problems involved. 

If water is present in a vessel containing air, it will slowly evapor¬ 
ate, and become mixed as vapour with the air. In the presence of 
excess liquid, this evaporation will proceed until a state of equili¬ 
brium is reached, when the air is said to be saturated with water 
vapour, the amount of vapour required to saturate the given 
quantity of air being dependent on the temperature. In practice 
complete saturation in this way would take a very long time. Thus 
on a normal day, the atmosphere is only partially saturated. 

As an example if the air is saturated at say 20° C. we see from the 
steam tables that the partial pressure of the vapour would be 
0-34 lb. per square inch absolute (see Steam Table II) and its specific 
volume 922 cubic feet per pound. Thus the weight of water vapour 

per cubic foot of vessel volume would be = 0-00108 pound, and 

the total pressure in the vessel would be 0-34 plus the partial 
pressure of the air. 

If the water vapour present were less than that necessary to 
saturate the air present, then the partial pressure exerted by the 
water vapour would be less than the saturation pressure corres¬ 
ponding to its temperature, that is the water vapour would be 
superheated. 

If such a mixture were cooled, a point would be reached when the 
air would become saturated, and liquid would commence to form. 
This temperature is called the Dew Point. The partial pressure of 
the water vapour would be the saturation pressure corresponding 
to this temperature. 

(б) Saturated Air. It has been stated above that the presence of 
water as distinct from vapour does not necessarily ensure that the 
superincumbent air is saturated with water vapour, unless conden¬ 
sation has been effected by cooling. In many cases however it is 
allowable to assume that if liquid is present, then the air is saturated. 

In such a case let— 

t = temperature of air-vapour mixture 
p $ = saturation vapour pressure corresponding to t° 
p a = partial air pressure at t° 
v„ = specific volume of vapour at t° 
v 8a = specific volume of air at t° 
p v == pressure in vessel containing mixture, 

Then— 

p v = p 8 + Pa and p a v M = R (t + 460) or R (t + 273) 
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Also if— 

V — volume of vessel (excluding any liquid) 

W s — weight of vapour 

W a — weight of air 
W m = weight of mixture 

then 

V ~ W s v ss = \\ a v sa 

and 

W m - w s + w a w s (1 + ^ - ir 0 (i -H 

Example 14. Before the fire is lighted in a boilor, the temperaturo is 20° C., 
the pressure in the boiler being atmospheric. What will be the boilor pressure 
when the temperature is raised to 100° C. ? If dry saturated steam is drawn 
off at this pressure, what weight of air will first come ovor per pound of steam ? 

Assume air above water is saturated. 

Vapour pressure at 20° C. 

= p sl = 0-339 lb. per sq. in. (from Tables) 

Air partial pressure 

= p al — 14*7 — 0-339 = 14-36 lb. per sq. in. 

Let V = volume of steam and air space. 

Then for air 

pV = wRT where V and R arc constants. 

Hence air pressure at 160° C. 

160 + 273 01 0 ,„ 

Pat = Pal X 20+"273‘ = 2122 lb - P cr SC l- ln - 
Steam pressure at 160° C. 

= p s2 = 89-8 lb. per sq. in. (from Steam Table II) 
Boiler pressure at 160° C. 

= Pa2 + Ps2 = 21*22 + 89-8 
= 111-02 lb. per sq. in. 

Specific volume of air at N.T.P. 

— 12*39 cu. ft. per lb. 

Specific volume of air at 160° C. and 21*22 lb. per sq. in. 

to on 14*7 160 + 273 io 11 

v 8a = 12*39 x 21^2 x -273- = 13 61 cu * ft * pcr lb * 

Specific volume of steam at 160° C. 

v 8a = 4*92 cu. ft. per lb. (from Steam Table II) 

W a v 8S 4*92 
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(c) Humidity and Dew Point. The dew point is the temperature 
at which wet air becomes saturated \^ith water vapour. If above 
this temperature at the same mixture pressure, the vapour in the 
air is superheated, its partial pressure remaining equal to the satura¬ 
tion vapour pressure corresponding to the dew point. This can be 
shown to be the case as follows. 

Using the same symbols as on pp. 101 and 102, andl etting the suffix 
m refer to the mixture, then as the vapour is superheated we may 
treat it as a gas. 

R 3 T , R W T 
P, = — and p m = — 

u ss v sm 

Vs _ ^ ^8 m _ W s 

Dm ^ss E 7n W m 

that is, the partial pressure of the water vapour remains unchanged 
as long as the pressure and composition of the mixture is unaltered. 

Absolute humidity is measured by the number of pounds of water 
vapour associated with one pound of dry air. 


Hence 


Thus 


i.e. Absolute humidity — ^ 


Weight of vapour in a given volume 


Weight of dry air in the same volume 

= Wj = 

W a v s3 

To find the relative weights of water vapour and air we can use 
the universal characteristic gas equation for air and the superheated 
vapour, i.e. p v mol — 2,779 T where v mol is the molar volume. (See 

p. 61). 

... . Molar volume 2,779 T 

Specific volume 


Molecular weight 


Thus for air— 


for vapour- 


Specific volume v sn = 


Specific volume v sl 


M.W. X partial pressure 
2,779 T 


28*95 x p a 
2,779 T 


18 X p s 

and weight of water vapour per lb. of air 


Vja 


18 


X 


28*95 p a 


Relative humidity = 


Weight of water vapour actually associated 
with a given volume of dry air 
Weight of water vapour necessary to saturate 
the given volume of dry air 

Specific volume of vapour if air were saturated 
Actual specific volume of vapour 
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With the small pressures involved it is sufficiently accurate to 
assume that pv = constant, and thus 

Relative humidity 

Actual partial pressure of water vapour 
Saturation pressure corresponding to temperature 


Example 15. A volume of 10,000 ft. 8 of moist air is at 14*7 lb. per sq. in. abs. 
and 45° F., and its relative humidity is 0*705. It is required to heat the air 
at constant pressure to 65° F. 

Find (a) the heat to be supplied if C 9 for air = 0*24 and C 9 for steam 
= 0*475; (b) the relative humidity after heating. 


0 F. 

p lb./in. 2 

Heat/lb. 

Specific Vol. 
ft. 8 /lb. 

36 

01040 

h 

4*03 

L 

1,073-2 

2,837 

45 

0*1475 

13*07 

1,068*1 

2,037 

65 

0*3060 

33*08 

1,056*8 

1,022 


( U.L . B.Sc. (Eng.) ) 1945. 


(a) Partial pressure of vapour at 45° F. 
p s = Relative humidity X saturation pressure for 45° F. 

= 0-705 X 0-1475 = 0-104 lb. per sq. in. 

Partial pressure of air 
p a — 14-7 — 0-104 = 14-596 lb. per sq. in. 

Weight of air in 10,000 cu. ft. 


W a = 


p a v a __ 14-596 X 144 x 10,000 


= 782 lb. 


R a T a 53-3 X (45 + 460) 

Weight of water vapour 

p 8 __ 782 x 18 x 0-104 


W = W — = W —— 

‘ "“28-95 p a 


= 3-46 lb. 


45) = 32-9 B.Th.U. 


28-95 x 14-596 

Heat supplied to water vapour 

= W 8 C P8 (t 2 - t x ) = 3-46 X 0-475 (65 • 

Heat supplied to air 

= W a C va (t 2 ~ t x ) = 782 x 0-24 (65 - 45) = 3,754 B.Th.U. 

(b) In the equation pv — wRT the air and mixture each occupy 
the same volume at the same temperature, the pressure p m of the 
mixture being 14-7 and the partial pressure p a of the air being 
14-596. Hence 


p a __ W a R a __ Wg molecular weight of mixture 
p m W m R m W m molecular weight of air 
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This indicates that the partial pressure of the air, and hence that 
of the vapour remain constant during heating at constant pressure. 

Partial pressure of water vapour 
Saturation pressure for 65 ° F. 


Relative humidity at 65° F. = 


0104 

0-306 


= 0-34 


Another method of treating this question is as follows— 

(a) The partial vapour pressure at 45° F. is as before 0*104 lb. 
per sq. in. The saturation temperature for this pressure is given in the 
table supplied with the question as 36° F. This is the dew point, 
and if the mixture were cooled down to this temperature at constant 
pressure the air would be saturated. The volume of the air would 

become 10,000 X 7 — 7 ^ = 9,822 cu. ft. 

45 + 4o0 

The specific volume of the vapour would be that corresponding 
to its partial pressure, that is 2,837 eu. ft. per lb. 

O C99 

Hence the weight of vapour W t = - ■ ■ = 3-46 lb. 

2,837 

(b) If the air were heated at constant pressure from 45° to 65° F 

the volume would become 10,000 X = 10,400 cu. ft. 

45 + 4b0 

The table in the question shows that the specific volume of dry 
saturated vapour at 65° F. is 1,022 cubic feet. Hence if the air 
were saturated with vapour at this temperature, there would be 

~Yq22 = lb. vapour. There is, however, only 3-46 lb. 

3-46 

Hence relative humidity = -- — == 0-34 


The Kinetic Theory of Gases. In this theory a gas is considered to 
consist of a large number of molecules moving with high velocity, 
and behaving as perfectly elastic bodies, there being no dissipation 
of energy when the molecules collide. Any molecule moves freely 
with uniform velocity in a straight line, except when it collides with 
another molecule or with the wall of the containing vessel. 

In general when a molecule encounters another molecule or the 
wall of the vessel, its velocity will alter in direction and amount, 
the average value of the path traversed between successive encoun¬ 
ters is termed the “mean free path,” and in the case of a gas this is 
very long compared to the dimensions of the molecule. The time of 
movement in the mean free path is large compared to the time of 
the encounter. 

If the gas is compressed, the mean free path is decreased and the 
encounters become more frequent. 
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Pressure. The pressure of a gas on the walls of the containing 
vessel is due to the collisions of the molecules on the walls. 

Consider a cubical vessel of side d (Fig. 29) containing N molecules 
each of mass a. Then at any moment a given molecule will have a ' 
velocity U in a given direction. This velocity may be resolved along 
three mutually perpendicular directions with 
respect to the walls of the cube, equal to U Xi 
U yy U z where— 

U' = U x 2 + Uy 2 + U 2 

Consider a molecule colliding with face A 
with a component velocity U x . The change in 
velocity produced is 2 U x , the change in mo¬ 
mentum of the molecule is 2a U x , and the time 
between successive encounters with face A is 

~r provided the molecule does not encounter another on its way. 

U x 

Hence Force exerted on face ^4 per collision 
= Rate of change of momentum 
2 a U x £? a U x 2 
^ ~T~ X ~gd 

Let n be the number of molecules which are moving with the same 
numerical value of l r x . 

Then force exerted on face ^4 due to this group of molecules 

U T 2 

yd 

But there are many other groups of molecules with different 
values of U x . 

Hence total force exerted on face A — 



F = 2 


n q U 2 
yd 


=-== X nU 2 -= 

<jd 


a 

yd 


NU 2 


where U 2 is the average value of U 2 for all the molecules and N is 
the total number of molecules in the cubical space. We have 
already seen that the actual velocity U of any molecule is given by 
the equation 


u 2 - U 2 + U 2 + U 2 
Hence talcing average values 

U 2 =U?+U?+ u? 

and assuming a state of equilibrium in which the motions take place 
equally in all directions, then 


V 2 = W 2 
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and the pressure on face A is given by the equation 
n F a N U* 1 w U\ u 

p = J‘ = WT = 3VT' b?ermut 


lb. per unit area 


where w is the mass and V is the volume of the gas. As — = the 

w 

specific volume V 8 of the gas, the above equation may be written. 

PV = 1 E = 2 £! 

3 £7 3 2? 


The equation P 


a N U1 U V. 
~—p — may be written 

1 TP 

PV = ~olN — 
3 <J 


Temperature. If we combine the equation PV 8 = - — with the 
characteristic equation PV S = RT we obtain the expression 

\^^RT 

3 g 

This indicates that for any given gas, V 2 is proportional to the 
absolute temperature. As kinetic energy is proportional to TP, it 
is seen that the average kinetic energy of the molecules due to 
translational velocity is proportional to the absolute temperature. 
Hence absolute zero temperature is reached when the translational 
velocities of the molecules have been reduced to zero, and the 
pressure is also zero. 

1 TP 

Boyle's Law. From the equation PV = - w —, it follows that if 
_____ 3 g 

U 2 is constant, that is if T is constant, then PV — constant. 

1 U 2 

Avogadro’s Law. From the equation PV — - cl N — it is seen 
that for two gases at the same temperature and pressure 


1 v lJ i 

5*' lV 'T- 


a 2 A 7 2 


Now a is the average kinetic energy of the molecule, and 

Maxwell has shown that for equal temperatures this is a constant 
for different gases. 

and N x = N 2 . 


Hence 
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Dalton's Law . For a mixture of gases, the kinetio theory would 
indicate that 

p 1 » , 1 w r? , , 

P = 3 ai ^ X £ + 3 + etC - 

hence P = P x + P 2 + etc. 

Kinetic Energy of Translation. For unit mass of gas the kinetio 
energy of translation 

F = T. 

* 2 g 

2 U 2 

But PF, = ^ = PT where P is the particular gas constant. 


Hence 


E t 


RT 


The average kinetic energy of translation per pound mol. will 
therefore be 


E t X molecular weight = - GT 


where G is the universal gas constant. 

If^n is the number of molecules in a pound mol. then the average 
kinetic energy of translation per molecule will be 

3 GT 
2 N m 

Internal Energy and Specific Heat. The kinetic energy of trans¬ 
lation is not necessarily the whole internal energy of the gas, for the 
molecules may have rotation about their own axis, and there may 
be vibration within the molecule. 

If we can assume that there is only energy of translation, then 

3 

the internal energy E — E t — ^ RT , that is the internal energy of a 

gas is proportional to its absolute temperature. This agrees with 
Joule’s Law. 

3 

If the gas is heated dE = ^ RdT 

But for a perfect gas dE = C v dT 

Hence C, = |r and C p = C v + R = | R 

Z Jj 

and y = ^ | = 1-667 

L v o 

It is found by experiment that in the case of monatomic gases, 
such as argon and helium that the value of y agrees well with this. 
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thus justifying our assumption of translation only. One can there¬ 
fore think of any molecule as having three degrees of freedom, 
as regards translation, with respect to three mutually perpendicular 
axes. By the theorem of equipartition of energy, each degree of 
freedom in one group is assumed to have on the average the same 
amount of kinetic energy as is possessed by a degree of freedom in 
any other group. 

Thus the energy per degree of freedom will be one-third of the 
total, namely - RT. 


A diatomic molecule may be supposed to consist of two atoms 
attached rigidly to one another, forming a dumb-bell shaped 
molecule. As in the case of monatomic molecules it can be assumed 
that as the result of mutual collisions, no rotational motion about 
the axis joining the two atoms can be imparted. There can, however, 
be rotation about each of two axes, mutually perpendicular, and 
passing through the centre of gravity of the molecule at right angles 
to its axis. Thus in the diatomic molecule, three degrees of freedom 
with regard to translation and two with regard to rotation may be 
considered. 

As each degree of freedom accounts for kinetic energy of amount 

1 5 

- RT , the total amount of energy will be ^ RT. 

Hence C V = %R 


and 


C v = G v + R = \ R 


and 



Thus taking the value 
degree F., then 

C, = 1 X 1-985 = 6-947 

C, = | X 1-985 = 4-962 
* 


of 0 = 1*985 B.Th.U. per lb. mol. per 


B.Th.U. per lb. mol. per degree F. 


These values should be compared with those given in Table II, 
p. 68, for diatomic gases. The fairly good approximation at com¬ 
paratively low temperatures would appear to justify the assumption 
of absence of vibrational energy. 

It is found by experiment, however, that with increase of tempera¬ 
ture, the values of the specific heats increase and the value of y 
decreases. Hence one must assume that as the temperature 
increases, the energy of vibration cannot be ignored. 

In a polyatomic gas, where the structure of the molecule may be 
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considered as polyhedral, we may assume three degrees of freedom 
as regards rotation in addition to the three translational degrees. 
Hence ignoring any vibrational energy, we have 


C v = 3i? = 3 X 1-985 = 5-955 
C„ = = 4 x 1-985 = 7-940 


_ 7-940 
y ~ 5-955 


1-333 


B.Th.U. per lb. mol. per degree F. 


A comparison with the values for C0 2 and CH 4 in Tables II, 
p. 68 and XVII, p. 307, shows that the practical values of specific 
heats are considerably larger, and that of y smaller than the 
theoretical values. Hence there must be, even at moderate tempera¬ 
tures, vibratory energy in the gas, which is not accounted for in the 
simple theory of equipartition of energy. 

Planck’s Quantum Theory modifies the simple theory given 
above.* Based on this theory, so called quantum values of 
specific heats have been derived from spectroscopic frequency 
measurements, f 


EXAMPLES III 

1. Find the volume of 3 1b. weight of gas at pressure 115 1b. per sq. in. 
absolute, and temperature 59° F. Take the specific heat at constant pressure 
as 0-2404 and at constant volume 0*172 per lb. weight. 

2. A pound of dry air at 15-5° C. and 14-7 lb. per sq. in. occupies 13-09 cu. ft. 
and is compressed adiabatically ( pv 1 * 4 = constant) to one-fifth of this volume. 
Find (a) its pressure and temperature at the end of compression, and (6) the 
pressure at the reduced volume when the air is cooled to 16-6° C. 

3. One cu. ft. of gas, at 300 lb. per sq. in. absolute, expands to 5 cu. ft. 
according to the law pv l i — constant. Find the pressure at the end of 
expansion and the work done by the gas during expansion. 

4. Find the temperature at the end of compression when air at 70° F. 
(21-1° C.) is compressed from 15 to 105 lb. per sq. in. absolute. Assume 
n = 1-35. 

5. A cubic foot of gas, at pressure 300 lb. per sq. in. absolute, expands until 
its pressure is 001b. per sq. in. absolute, the law of expansion being pv 1 ' 1 
= constant; find the work done by the gas during expansion. 

6. In an air compressor the air is drawn in at a temperature of 60° F. and 

pressure 14-7 lb. per sq. in. absolute. The air drawn in per stroke is 12 cu. ft., 
and the final pressure is 90 lb. per sq. in. absolute. Find the work done during 
compression (a) if the air is compressed isothermally ; (5) if it is compressed 
adiabatically. In the second case, find the temperature of the air when the 
pressure reaches 901b. absolute. ( U.L., B.Sc. (Eng,).) 

7. If 10-2 cu. ft. of air, at pressure 14 lb. per sq. in. absolute, be com¬ 
pressed isothermally to 1-7 cu. ft., what is (1) the pressure at the end of 
compression ; (2) the work done on the air ; and (3) the heat taken from it ? 

^ 8. Twelve cu. ft. of air at 14 lb. per sq. in. absolute and 27° C % is compressed 
to 1 cu. ft. The compression law is pv 1 3 = constant. Find (a) the pressure 
and temperature at the end of compression ; (6) the work done in foot-pounds 
during compression; and (c) the amount of heat received or rejected by the 
air to the cylinder walls when y = 1*4. 

* See Thermodynamics for Engineers , Ewing (C.U.P.). 

t See “Fuel Economy in Petrol Engines,” David and Leah, Proc. Inst. 
Mech.E ., Vol. 143, 1940. 
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9. Ten cu. ft. of air at 90 lb. per sq. in. absolute and 65° F. are expanded 

to 4 tiroes the original volume, the law for expansion being pv l t 5 = a constant. 
Given that the specific heat of air at constant volume is 130*3 ft-lb. per lb., 
and at constant pressure 183*4 ft-lb. per lb., find (a) the temperature of the 
air at the end of expansion ; ( b) the work done in foot-pounds ; (c) the amount 
of heat which must have been given by or been rejected to an external source 
during the expansion. ( U.L ., B.Sc . (Eng.).) 

10. Air at 60° F. and pressure 15 lb. per sq. in., is compressed to 75 lb. per 
sq. in. absolute, and the compression curve is pv lA — constant. Find the 
work done and heat rejected per pound of the air during compression. 

( U.L.y B.Sc. (Eng.).) 

11. A cylinder contains 0*6 cu. ft. of gas at pressure 151b. per sq. in, 
absolute. What work in foot-pounds is expended in compression to 90 lb. per 
sq. in. absolute if the compression curve follows the law pv lih = constant ? 
What is the volume after compression ? 

12. The pressure is 160 lb. per sq. in. absolute when gas occupies 1 ft. length 
of cylinder, 12 in. in diameter. What work is done by the gas kept at constant 
temperature in driving the piston through 2 ft. length of stroke, and what 
amount of heat must be given to the gas ? 

13. One pound of air, at atmospheric pressure and 60° F., is compressed 
adiabaticaily to 6 atmospheres ; find (a) its temperature and the work done 
by the pump. It is now allowed to cool at this pressure down to 60° F.; 

(b) what amount of heat is given out, and what further work of compression is 
done ? If the final state had been brought about by isothermal compression, 

(c) what work would have been done by the pump T Specific heat of air at 

constant pressure 0*238, at constant volume 0*169. ( U.L., B.Sc. (Eng.).) 

14. State and prove the relation existing between the specific heat of a gas 
at constant pressure and constant volume, and the characteristic constant 
for a gas. 

If one-tenth of a pound of gas occupies 1*345 cu. ft. at 15° C., and 161b. 
per sq. in., and if after adiabatic compression to 0*5 cu. ft. the pressure is 
60*9 lb. per sq. in., what is the value of the specific heat at constant pressure 
of this gas T ( U.L ., B.Sc. (Eruj.), 1925.) 

15. An air pump is employed to extract air from a largo receiver containing 

V cu. ft. of air at atmospheric pressure. If the pump draws in air at a uniform 
rate of t; cu. ft. per min., and the temperature inside the receiver remains 
constant, prove that the time in roducing the pressure in the receiver by one- 
half is 0-693 Vjv minutes. ( U.L ., B.Sc. (Eng.), 1933.) 



CHAPTER IV 

IDEAL REVERSIBLE CYCLES 

Carnot’s Reflections on the Motive Power ol Heat. In 1824, Sadi 
Carnot published the extraordinary essay, of remarkable insight, 
entitled Reflections on the Motive Power of Heat , containing the 
fundamental principles from which thermodynamics has been 
developed.* 

Carnot conceived a closed , reversible cycle , in which the working 
substance receives heat only at the higher constant temperature of 
the hot source , when expanding and doing external work, is cooled 
by adiabatic expansion, gives out heat only during isothermal com¬ 
pression at the lower constant temperature of the condenser ; is 
then raised in temperature by adiabatic compression, and brought 
back again to its initial state of volume, temperature, pressure and 
physical properties, so that, he states as an axiom, the working 
substance must contain the same quantity of heat as it had 
originally. 

In Carnot’s ideal engine the piston and cylinder are supposed to 
be perfect non-conductors, absolutely impervious to heat, but the 
cylinder is fitted with a perfectly conducting end. The working 
substance is changed in temperature only by rapid adiabatic expan¬ 
sion and compression, with a perfect non-conducting cover on the 
end of the cylinder, so that there is no transfer of heat, except while 
heat is being received from the source or hot body at temperature T v 
and rejected to the refrigerator or cold condenser at T 2 . Both of 
these bodies must have infinite capacity for heat, in order that 
each of them may remain at exactly the same constant temperature 
as the working substance during its isothermal expansion and com¬ 
pression while the transfer of heat is taking place through the 
perfectly conducting end cover of the cylinder. 

In 1834, Clapeyron took up Carnot’s workt and made the supposed 
changes and transformations during the cycle clearer, by an indi¬ 
cator diagram, Fig. 30. 

Carnot’s Cycle, with a Perfect Gas as the Working Substance. 

Take 1 lb. weight of a perfect gas as working substance in the 
cylinder, and let A , Fig. 30, represent the state as regards pressure 
p v and volume v v at absolute temperature T v 

♦ Sadi Carnot, inflexions sur la puissance motrice du feu et sur les moyens 
propres d la divelopper (Paris, 1824); or, “ The Motive Power of Heat ** 
(with a biographical sketch by a brother of Carnot), translated and edited 
by R. H. Thurston, 1890. 

t See “ Memoirs sur la puissance motrice du feu" in the Journal de V&cole 
Polytechnique , Tome XIV (1834), or Translation in Taylor’s Scientific Memoirs , 
Part III (1837), p. 347. 
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1. Isothermal Expansion , with the conducting end of the cylinder 
in contact with the source or hot body at the higher temperature T v 
Allow the gas to expand along the isothermal AB> Fig. 30, from 
volume Vj to v % at B, receiving heat Q l at constant temperature. 
The external work done by the gas in driving the piston is represented 
by the area ABba , and is equal to the heat received Q y = RT X log e r, 


^ where r = 



while the temperature and internal energy of the 


gas remain the same. (See Eq. (4) (p. 70).) 

2. Adiabatic Expansion , BC , with the non-conducting cover on 


the cylinder end, the gas expands adiabatically, doing work on the 



Fia. 30. Carnot Cycle with a Perfect Gas 


piston at the expense of the internal energy of the gas. Consequently 
the temperature falls from T x to the lower temperature at C. 
The pressure and volume are now p 3 and v 3 , and the external work 
done by the gas is represented by the area BCcb , and is equal to 
R(T - T ) 

1 —j-A, which is also the change in internal energy of the gas. 
(See p. 72.) 

3. Isothermal Compression , CD. Bring the conducting end of 
the cylinder into direct contact with the cold body or condenser 
at T r Force the piston slowly inwards until the state point D of 
the gas is on the adiabatic curve through A . The work done on the 
gas is RT % logs r, represented by area CDdc, and is equal to the heat 
rejected, Q 2 = RT % log 6 r. 

The adiabatic drop in temperature from B to C must be equal to 
the rise in temperature from D to A ; that is, from p. 72 
T* /Vm\y- 1 Iv A \Y~ l . v 9 v a Vo Vo 


a-er -® 1 


.hence _j=« 


where r is the ratio of isothermal expansion and compression. 
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4. Adiabatic Compression , DA . Again, put the non-conducting 
cover on the cylinder end, and force the piston rapidly inwards, 
compressing the gas adiabatically from D to A, until the temperature 
rises to the original T x of the hot body. The pressure and volume 
are now p x and v x ; and the additional work done on the gas by the 

R(T — *p \ * 

piston is represented by the area DAad , equivalent to--— r—- 

which is also the gain of internal energy of the gas. y ~ l 

During adiabatic expansion and compression, no heat is received 
or rejected, and, on the whole, there is no change of internal energy 
since the external work done by the gas, represented by the area 
under BC, and the work done upon it by the area under DA, are 

each equal to ——-—^ for the same change of temperature. 

During the whole cycle, the heat received by the 1 lb. weight of 
gas at T x from the hot body is Q x = RT X log e r, and the heat 
rejected at T 2 to the cold body is Q 2 = RT 2 log € r. 

There has been no other transfer, leakage, or waste of heat energy 
to or from the gas, which is brought to its original state, having the 
same temperature, internal energy, pressure and volume as at the 
start. Therefore, the difference 


Q1-Q2 = - T t ) log £ r 

is the net amount of heat that has disappeared as heat, and must 
have been converted into the net amount of external work done 
by the gas on the piston, and represented by the area A BCD of 
the diagram. 

The thermal efficiency of the Carnot ideal cycle is therefore— 

Work done (W) = Q x -Q % R(7\ -T t ) log £ r = T x -T % 

Heat received Q x UT X log £ r T x 

that is, work done 

W = Qt - fr (T, - T t ) 


gives the largest fraction of the heat rocoived from the hot body 
that can bo converted into work, and this depends only upon the 
temperature limits at which the gas receives and rejects heat. 

The heat is let down through an engine from a source at a high 
temperature, and some of it is rejected at a lower temperature, 
the only change of temperature being adiabatic. 

Carnot's cycle is reversible, that is, when the working substance 
is forced to perform the same operations in the opposite direction, 
i.e. counter clockwise, the same pv indicator diagram is traced, and, 
by the same net work expended, the same quantity of heat is taken 
in at the low temperature and rejected at the higher temperature. 
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Starting at state A , tho gas is cooled by adiabatic expansion from 
T x to T 2 at D ; and, by isothermal expansion from D to C, the gas 
takes heat Q 2 from the cold body at temperature T 2 , while doing 
work represented by HT 2 log e r, or the area DCcd~ Then adiabatic 
compression CB raises the temperature of tho gas to T x ; and by 
isothermal compression BA, the gas rejects heat Q x at the higher 
temperature T x while work is done upon the gas equal to RT X log e r, 
or the area BAab , and the gas is restored to its original state at A. 

In this reversed cycle, on the whole, there is no change of the 
internal energy of the working gas ; the area of the diagram ADBC 
indicates the net amount of 

Work spent upon the gas = R(T X - T 2 ) log € r, 

whilst heat extracted at T 2 , from cold body, is Q 2 = RT 2 log e r, 
and rejected at higher temperature T v to hot body, is Q x — RT X log e r. 

Hence the transfers of heat are exactly reversed, and, during the 
series of stages, the states of the gas are precisely the same in 
pressure, volume and temperature as when working direct. In the 
reversed engine the work spent upon tho gas is equal in amount to 
the work which the gas does on the piston in direct working. 

The performance of tho ideal Carnot heat engine reversed is 
measured by 

Heat extracted from cold body _ Q 2 ___ RT t log £ r 

Work expended^ Q x - Q 2 R(T X - T 2 ) log* r 

hence — _— 2 — = 

Work spent Q x - Q 2 T x -T 2 

that is Q % = Work done X ^7—TiT • • • . (2) 

This roversed heat engine is also an ideal refrigerating machine, 
and, by tho conservation of energy, Q x = Q 2 4* work done in driving 
the machine. In other words, the quantity of heat Q x rejected to 
the hot body is equal to the heat Q v received from the cold body, 
added to the work spent upon the gas. 

Carnot’s Principle. Reversibility is tho sole test of perfection of 
a thermodynamic engine. No engine can perform more work from 
a given quantity of heat working between the same limits of tem¬ 
perature, i.e. a roversible engine has the highest possible theoretical 
efficiency. 

To prove this: Suppose, if possible, a heat engine, S, to be capable 
of doing more work from a given quantity of heat than a reversible 
engine, R, working between the same temperatures of sourco and 
condenser. 

Couple the two engines together as a compound engine, S working 
5—(T.5434) 
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direct and R reversed. R noods part w only of the work w + w t 
given out by S , to be able to restore to the source the heat received 
by S. Thus, during each cycle of the compound engine, the heat 
rejected to the source by R is oqual to that supplied to S , while 
work w x is done. This would go on continuously. Even if we, 
suppose no mechanical friction, heat must havo been spent to 
perform the work w v and this heat could only come from the 
condenser or cold body. The quantity of heat in the source or 
hot body remains the same, while that in the cold body must be 
diminished indefinitely, and work would bo dono continuously by 
the transfer of heat from the colder body. This result is contrary 
to all experimental evidence, and to tho axiom statod by Clausius : 
44 It is impossible for a self-acting machine, unaided by any external 
agency, to convey heat from a body at a low temperature to one at 
a higher temperature.” Or by Kelvin : 44 Wo cannot transform 
heat into work merely by cooling a body already below tho tem¬ 
perature of the coldest surrounding objects.”* 

These statements of tho second law of thermodynamics agree 
with the facts of experience, and apply to tho performance of work 
continuously by heat engines working in complete cycles. 

The second law governs the transformation of heat into work, and 
gives the greatest fraction of the total heat supplied to any heat engine 
that can be converted into work done on the piston. 

Therefore no engine can have a higher thermal efficiency than 
a reversible one. It follows that all heat engines, with perfectly 
reversible cycles, receiving and rejecting heat at the same higher 
and lower temperatures, have the same efficiency, whether air 
or other gas be used in them. The efficiency of a reversible engino 
is independent of the nature or physical properties of the working 
substance employed, and depends solely on the temperatures 
between which the engino works. 

Tho greatest amount of work which can bo obtained from Q x 
units of heat received by the working substance at absolute tem¬ 
perature T v and rejecting heat at absolute temperature T 2t is 

Conditions for Reversibility and Maximum Efficiency. The first 
condition for reversibility is absence of friction. This is obvious, 
for whatever the direction of the path taken by the working fluid, 
friction will mean a conversion of mechanical work into heat. It 
also means that there must be no “free” expansion by sudden 
changes of pressure, such as in throttling, where eddying motions 
are dissipated in heat. 

* Wm. Thomson, "‘Memoir on tho Dynamical Theory of Heat,” Trans . 
Royal Soc., Edin. t 1861 and May 1864; and Phil Trans. 1864, Vol. 144. 
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The second condition of reversibility is equality of temperature 
between the working substance and the source or sink of heat, when 
taking in or rejecting heat. If there were a difference of temperature, 
heat could pass down a temperature gradient by itself, but in the 
reverse cycle, work would be required to “pump” the heat up the 
temperature gradient. As already mentioned, this is laid down in 
the statement of the second law of thermodynamics. 

There is a further condition for the efficiency of a heat engine 

T — T 

cycle to have the maximum value of • -- —-. This condition is that 

1 1 

there must be only two temperatures at which heat is transferred, 
namely one at which heat is taken in, and another at which heat is 
rejected. 

It will be seen later (pp. 131-4) that in the case of the Stirling 
and Ericsson cycles, the efficiencies are equal to that of the Carnot 
cycle, while in the Joule cycle, the efficiency is lower than that of the 
corresponding Carnot cycle. This is because the Joule cycle, while 
satisfying the first two conditions, does not conform to the third. 

Irreversible Processes. By the conservation of energy, in the case 
of the steady flow of a fluid (p. 53), the output of work done by 

an engine is A IE = H l - II 2 - Q - A 

where II x - II 2 is the change in total heat, and Q is the heat loss 
to the surroundings. When the change in kinetic energy and heat 
loss are negligible, the work done per pound of the working fluid 
is IE - (H x - II 2 )J . 

Lord Kelvin pointed out that in all actual transformations of 
energy there is a universal tendency towards dissipation of energy, 
and degradation of heat which passes from warm to colder bodies ; 
and as the temperature falls the heat becomes less available for doing 
mechanical work. 

Even adiabatic throttling, as through a porous plug, is not 
reversible. Heat is always lost by friction, whether it be fluid 
friction within the working substance itself, due to viscosity and 
eddies, or mechanical friction in passing through small pipes or 
valves and of steam jets in the turbine. The sudden drop of 
pressure is irreversible. There is also loss of heat from the hot 
working substance to tho colder surface of the cylinder walls and 
surroundings, only part of which is recovered. 

Similarly in the reversed heat engine or refrigerating machine, 
where mechanical work is spent in extracting heat from the cold 
body, heat always tends to leak inwards from the warmer sur¬ 
roundings, and more work has to be done in extracting it from tho 
cqld working substance. 

yj Carnot’s Cycle, using Vapour as the Working Substance. Consider 
the ideal perfect heat engine working on the Carnot cycle and using 
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Fio. 31. Carnot Cycle with 
Vapour as the Working 
Substance 


1 lb. of saturated vapour, namely, vapour in contact with its own 
liquid. At A, Fig. 31, 1 lb. weight of water or other liquid occupies 
w cu. ft. at the boiling point T x under the corresponding saturation 
pressure p v Heat is applied at this constant pressure until the 
whole pound of liquid is turned into vapour occupying the volume t 
V cu. ft. at B. The heat received is the latent heat, L v of the 

vapour at this prossure. The iso¬ 
thermal expansion follows the hori¬ 
zontal line AB at constant pressure. 

Then the dry saturated vapour is 
expanded adiabatically, reducing the 
pressure until\ho temperature falls to 
that of the condenser, T 2 , that is, the 
lowest temperature of the available 
cooling water in a condenser. The 
vapour is wet along the adiabatic BC. 
Isothermal compression, CD, follows 
at constant lower pressure and tem¬ 
perature T t . The vapour gradually condenses and its latent 
heat is rejected to the condenser until a point D is reached, 
such that adiabatic compression condenses all the vapour and 
restores the working substance in the liquid state to temperature T x 
at A. The adiabatic curves BC and DA of expansion and com¬ 
pression are usually plotted from tables giving the properties of 
vapours. 

Since the cycle is reversible and heat L x is taken in only at the 
higher temperature T x , and heat rejected only at T 2 , the thermal 
T - T 

efficiency is -L -—and the work done per pound of the liquid is 

1 i T*~T. 

represented by the area ABCD , and equal to JL X . ^ - ft-lb. 

1 j 

Suppose the difference between the higher and lower temperatures 
is very small, from T to T - dT, so that 6T is the fall in temperature, 
and the corresponding difference in prossure dp. The indicator 
diagram is now reduced to the narrow parallelogram A Bed, of 
height dp, since the adiabatics are noarly straight lines. The length 
AB of the little diagram is the difference, V - w, between the volume 
of the saturated vapour V and that of the liquid w, of 1 lb. weight. 

The work done in this Carnot cycle is equal to the area ABcd , 
and becomes nearly its height X length, or dp(V -w). The 
heat taken in during the cycle is L, the latent heat of evaporation 


dT 

and the work done is JL ^ ft-lb. per lb. 
therefore 

dT 


of working substance; 
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In the limit, when dT is infinitely small, the relation becomes 
.(3) 

.< 41 

known as Clapeyron’s Equation, giving the relation between the 
latent heat of any vapour, the change in cubic feet of 1 lb. of the 
liquid when vaporized at absolute temperature T, and the rate at 
which the temperature of saturated vapour varies relatively to the 
dT 

pressure. The latter -y— is given by the slope of the tangent to the 

Jt 

saturation curve of temperature and pressure at the given absolute 
temperature, and from steam tables. 

The student should plot the temperature-pressure curve of 

d/7) 

saturated steam or other vapour from tables, and find from the 

curve, also L and w , the results of experiments, from tables; then 
calculate the specific volume of 1 lb. of dry saturated steam at a 
few pressures by equation (3). 

The accuracy of results for the saturation volumes may be com¬ 
pared with the tabulated values. Or, the temperatures of dry 
saturated steam may bo taken, 2° C. apart, and half the difference 
of corresponding saturation pressures in pounds per square foot 
gives the rate at w r hich p is changing per degree. The values of L, 
and w cu.ft. for the mean temperature, substituted in equation (3), 
give the saturation volume in cubic feet. 

Since (V -w) is positive for steam, it follows from equation (4) 
dT 

that -jjjjj is positive, that is, increase of pressure raises the boiling 
point. 

The Clapeyron equation also applies to a change of state from 
solid to a liquid. If a solid contracts in melting, -j~is negative, 

dx 

and the melting point is lowered by increase of pressure. 

From the contraction of ice in melting, Professor James Thomson* 
calculated that the melting point of ice would be lowered about 
0*0074° C. for every atmosphere increase of pressuro, and this w r as 
proved experimentally by his brother, Lord Kelvin. Thus, a pound 
of water at 0° C. changes its volume, in freezing, from 0 016 to 
0 0174 cu. ft., and gives out 80 C.H.U., hence 

? = ( -r^'^ 3 = 0-00000341 
dp 1,400 x 80 


* See Kelvin’s Mathematical and Physioal Papers, Vol. 1, p. 168 end p. 166. 
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and if dp be 1 atmosphere, 15 lb. per sq. in., or 2,160 lb. per sq. ft., 
dT = 2,160 X 0-00000341 = 0-0074° C. (nearly). 

Also, if the atmospheric pressure were reduced to a vacuum, the 
water vapour at the melting point would have a pressure of 0*09 lb. 
per sq. in., and ice would melt about 0-0074° C., instead of 0° C. 
When there is no air pressure, the temperature of melting ice is 
known as tko triple point , because water substance may then be in 
the three states of molting ice, water, and vapour together in 
equilibrium. 

Again, from equation (3), 

— (V - tv) 

dT K 1 1 d i-(V-w) (5 T 

JL ~ T' 01 JL = T • ’ ( 5i 


taking dT as 1° C., and the work done* per unit of heat received at 
absolute temperature T, for 1 lb of vapour, with the change of 
pressure in pounds per square foot corresponding to a drop of 

temperature 1° C. at that temperature, is simply 

Graphic Representation of Energy. The internal energy of a pound 
of gas in the state A, Fig. 32, is represented by tho area ADeZaA f 
under tho adiabatic curve through A, indefinitely produced to cut 
the volume axis at infinity, or absolute zero. Imagine tho gas, 
originally in the state A as to pressure and volume, and temperature 
T, if it were possible, to be expanded adiabatically, doing external 
work at the expense of its own internal energy, without gain or 
loss of heat, until its pressure falls to zero. It can do no more 
external work, and contains no heat. Tho whole of the internal 
energy of the 1 lb. of gas is gradually spent in doing work on the 
piston, and the equations (p. 72) representing the area ADeZaA 
under the adiabatic, become 

Work done = P ^\ = = K V T, . . . (6) 

y - 1 y - 1 1 

which may be taken as the internal energy in 1 lb. of gas in the 
state A y at absolute temperature T v But wo know that all gases 
would become solid and cease to behave like a perfect gas before 
reaching this low temperature. 

We have no means of measuring the total amount of internal 
energy stored up in a given quantity of gas or other working sub¬ 
stance. We can only measure or estimate the change of internal 


* See Steam Power , by Professor VV. E. Dalby, p. 157. Examples of tho 
physical properties of various working substances (steam, S0 2 , NH 4 , alcohol, 


acetone) gave the same result 


or 0*0033 ft-lb. per unit of heat 


supplied at 30° C. (303° absolute) to 1 lb. of the substance for a fall of 
temperature from 30° to 29° C., illustrating clearly that work done does not 
depend on the physical properties of any particular working substance. 
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energy of a given mass of a substance in changing from one state 
to another. 

Now allow the state point to move from A to B along any curve 
AmB. To find the change of internal energy during this operation, 
draw through B the adiabatic BCf. The internal energy of the gas 
in the state B is represented by the area BCfZbB ; and the change 
of internal energy is the difference between the areas BCfZbB and 
ADeZaA , which is independent of the shape of the curve AmB. 
The gas might have changed from A to B along the isothermal. 
It follows that the internal energy of a substance in a given state 



Fig. <S2. Energy and Absolute Temperature 

must always be the same, and that the change of internal energy in 
any transformation depends only on the initial and final positions 
of the state point, and not upon the path. 

But, by Joulo’s energy equation, the heat absorbed Q = E 
+ external work done. The work done by the gas is represented 
by the area under the curve, either AmBbaA or ABbaA , depending 
on the path between A and B. In this case the external work done 
along tho isothermal will bo less than that along AmB, by the area 
enclosed between these paths, in a clockwise direction. Therefore, 
the heat received by a given quantity of gas during a change of state 
from A to B is represented on the pv diagram by the area bounded 
by the actual curve AB or AmB and the two adiabatic curves 
through the initial and final points drawn to infinity. 

The Total Heat of a substance in any state is defined by the 

vv 

equation H = E + -j 

as the sum of the internal energy and the product of tho pressure 
and volume, expressed in heat units, corresponding to the state. 

Thus, on the pv diagram, Fig. 32, draw the constant pressure 
line DM, then the total heat of a gas in the state D, as regards pres¬ 
sure and volume, is shown by tho sum of the rectangle MDdO and 
the area under the adiabatic DeZ, or the total area MDeZOM . 
Along the isothermal DC , for a perfect gas, p x v x = p 2 v 2 , and the heat 
energy received during expansion is equivalent to the oxternal work 
done by the gas, DCcdD , while its internal energy remains constant. 

For practical purposes, it is the difference between the energy in 
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the two states that is considered, and the usual convention is to 
take an arbitrary zero from which the internal energy of a substance 
is reckoned. When the working substance is a porfect gas, the 
absolute zero of temperature is taken, and for calculations on 
internal combustion engines 100° C. or 0° C. When the working, 
substance is a vapour, like steam, the zero temperature chosen 
corresponds to 0° C., and under pressure equal to its vapour 
pressure at that temperature. (See pp. 51 and 52.) 

Absolute Temperature. In the Carnot reversible engine, as T 2 
is lowered, the work area A BCD of the diagram, Fig. 32 (p. 121), 
increases until the temperature is reduced to zero, when all the 
heat received at the higher constant temperature is converted into 
work. Since the work done can never exceed tho heat received, 
there must be a zero limit of temperature at which the pressure of 
the working substance would vanish. This ideal limiting tem¬ 
perature is defined as tho absolute zero. 

By Carnot’s principle, the efficiency of all perfectly rovorsible 
heat engines working between the same limits of temperature must 
be the same and equal to (T 1 - T 2 ) /T v and the work done 

«.(¥■) 


This relation, combined with the first law, forms the basis and 
expression of tho absolute scale of temperature devised by Lord 
Kelvin and now universally adopted. 

By the first law, Q x - Q 2 = W, and the heat rejected at the lower 
temperature 


Qx = Qx - W = Q 1 (l -%^ a ) = Qi (J a ) 


that is, 


also 


Qx 
Q X 
Qx 

Tr 

2V 


T 

■■ jT. and 


Qx x p. 


T, 


= a constant. 


(7) 


Thus tho ratio ^ of the temperatures of the source and condenser 

I 2 

Q 

is the same as “- 1 of tho quantities of heat received and rejected at 

Va 

those temperatures in a Carnot cycle, and tho work done for a given 
drop of temperature is the same at any part of the scale , which is 
absolute in the sense of being independent of tho properties of any 
particular substance. 

Rankine takes a series of reversible engines, working between 
equal intervals of temperature, and shows that these would do 
equal amounts of work when one receives the heat which another 
rejects. 
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Between a pair of adiabatic curves ADe and BCf, draw a series 
of isothermals for temperatures T v T % , T 3 , etc., at equal intervals 
of temperature T 1 -T 2 = T 2 -T 3 = T 3 -T i ~ dT. Each little 
enclosed area is an indicator diagram of one engine working on the 
Carnot cycle. As above, let Q x = heat supplied during isothermal 
expansion at the highest temperature of the range T v The work 
done 

and the heat rejected at T 2 


Q . = 


= Qi 


T , 


X T~ 


Then this heat Q 2i rejected by the first engine, is supplied to the 
second engine at T 2 . Here work dono = heat suppliod X efficiency 


_/«! 

and heat rejected 


X T.) x (■ V 2 3 ) 


Qi 

1\ 


dT 

X 2 1 ) X ji — 


Qi 

T, 


dT 


lioat supplied - work done 


T t 


dT 


— Cl x ^ - Qi X rp 


„ (T 2 dT\ „ /T 2 -T 2 + T 3 \ 

= C , (^-- 7 r) = Ci 


= Ci x 


Ti 

T 1 


dT 


and the work 


done 


Similarly in the third engine, the efficiency is , 

dT T ** * 

X ifr> heat rejected = Qi X j~, 

1 i 1 1 

Hence the work done by every engine during a cycle is the same, 

Q 

m . dT , when each engine works through the same range of tem- 
1 i 

perature dT on the perfect gas thermometer. Equal intervals of 
temperature may be defined as those intervals which give equal 
amounts of work in a series of perfect heat engines. This thermo¬ 
dynamic scale is identical with that of the ideal perfect gas, but does 
not agree exactly with the scales of actual gases because of the 
variation in specific heat. (See corrections, p. 8.) 

Again, suppose the engines in the series received quantities of 
heat Q v Q 2} Q 3 , etc., at absolute tomperatures T lf T iy T 3 , etc., 
and rejected heat at the lower temperatures. In each little rever¬ 
sible cycle ~ that is, — - = 0, and when the summation 

* 1 •* 2 M M 
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is taken all round the large reversible cycle, heat taken in being 

Q 

reckoned as positive and heat rejected as negative, 2^ = 0. 


By taking an indefinitely large number of steps and corre¬ 
sponding reception and rejection at the different temperatures, we 
come at last to a perfectly gradual or continuous change of tem¬ 
perature. If dQ represents the small quantity of heat taken in or 
given out by a perfect reversible engine at the absolute temperature 


T, then the sum of all the quantities ^ is zero for a reversible 


cycle, that is, the integration round the complete cycle 


Jfr = 0 .( 8 ) 

Entropy. The quantity jyjr is called entropy and is usually 

represented by <j). Thus entropy, </>, is that characteristic or function 
of the state of a substance which does not change in a reversible 
adiabatic expansion or compression, and which is increased or 
diminished when heat is taken in or given out in a reversible manner. 
Since there is neither gain nor loss of heat along adiabatics in a 
reversible process, these are lines of constant entropy , and called 
isentropics. When any substance takes in or gives out a quantity 
of heat Q at the absolute temperature T, its gain or loss of entropy 


4 > 


is measured by the quotient 


Q 

r 


If a quantity of heat is taken in 


or rejected at a varying temperature, then the change of entropy 


(f> 2 - </>! 


r*dQ 

) Tl T 


(«) 


provided the process is reversible. 


As the value °f taken round a complete reversible cycle is 


zero, it follows that the change in entropy between two states will 
be the same for all reversible paths between those two states. In 
other words, entropy is a function of the state of a substance in the 
same sense as pressure, volume and temperature. 

Temperature-entropy Diagram. On a temperature-entropy 
diagram the state of a substance is given by vertical ordinates to 
represent absolute temperature, and horizontal ordinates to repre¬ 


sent entropy. As dQ — T . d<j) then Q = J T . d(j> and henco areas 

on a T<f> diagram represent quantities of heat taken in or rejected. 

An adiabatic, or constant entropy line, will be shown by a vertical 
straight line AM, Fig. 33, parallel to the axis of temperature; and 
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an isothermal will be a horizontal straight line, AB, parallel to the 
axis of entropy. 

Carnot’s Cycle on a T-<£ Diagram. Suppose a pound weight of 
working substance, kept at constant temperature T l = 1,000° C. 
(absolute), expands and takes in heat from the source in amount 

Q x = 150 C.H.U. Its gain of entropy is ^ or 0-15, which 

i | 1 ,000 

the source has lost. This isothermal is represented on the T<f> diagram, 
Fig. 33, by the horizontal line AB= 0-15 ; the 
increase of entropy of the working substance is looo 
fa _ fa = ON - OM . The area MABN = . 

T x (fa “ <£i)» represents the heat Q x received by ^ goo 
the working substance. During adiabatic ex¬ 
pansion BC t the temperature falls to 600° C. 

(absolute), say, but the entropy does not 
change. Next, isothermal compression CD at ^ L M\ \N 
temperature T 2 = 000° C., during which heat 
is rejected by the working substance, and its 

loss of entropy ~ must equal the gain Flo ‘ 

^2 1 1 

since the cycle is reversible, and DC = AB , or fa - fa 
quantity of heat rejected is 


C. 

1 

I 


0 


•7 -2-25'3 

Entropy. 

33. Carnot 
Cycle 

015. The 


that is, 


Q 2 — area CDMN = T 2 {<f> 2 - <f > x ), 
600 X 0 15, or 90 C.H.U. 


In adiabatic compression DA, the entropy remains constant, 
while the temperature rises to the initial value T v or 1,000° C. 
(absolute). 

The heat turned into work during the cycle is 

Q 1 -Q 2 - area ABCD = (T x - T t ) (fa - fa) 
that is, 150 - 90 - (1,000 - 600) 0-15, or 60 C.H.U. 


and the thermal efficiency 


60 

150 


1,000 -600 
1,000 


, or 40 per cent 


Here, heat converted into work 


= -(Tx-TJ 

= entropy X drop of temperature 


Change 0 ! Entropy. As we can only determine differences of the 
internal energy of a substance, so in measuring entropy , differences 
are reckoned from some arbitrary standard condition. 

Clausius Theorem. When a quantity of heat Q passes from one 
body, at absolute temperature T v to another body at a lower 
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temperature T %y the warm body loses entropy while the colder 

Q 1 

body gains entropy =-. Since T % is less than T v the gain of entropy 

1 1 

of the system as a whole is 

<L <L - 0 T '~ T ' 

T 2 T x V • T 1 T 2 

In all natural processes, heat flows from hotter to colder bodies, 
and it is obvious that entropy increases and tends to a maximum as 
the temperature falls. 

We have already seen that, when 1 lb. of a substance takes in 
or gives out, reversibly, a small quantity of heat energy, dQ y the 
absolute temperature remaining constant at T y during the small 
change, its gain or loss of entropy, dfi y is measured by the ratio 
dQ 

—, so that the change in heat energy is dQ = T . dfi. 


Also, dQ — C . dT y where C is the constant specific heat of the 
substance at that temperature ; and for unit weight of a substance 
changing from T 2 up to T v the total change of heat energy 


T 1 dQ = C{1\ - 7\), since dQ = C . dT . . (10) 

JT t 

If 1 lb. of a substance is changing continuously and reversibly in 
temperature from T 2 up to T v while heat is being taken in, the total 
gain of entropy is 



At constant volume C = C vy and at constant pressure C = C py in 
this expression. 

Example 1. Assume that the entropy of 1 lb. of water at 0° C. is taken 
as zero. Calculate the entropy gained when the water is warmed to 100° C., 
and converted into dry saturated steam at 100° C. 


In case steam tables are available, the entropy of dry saturated 
steam is given as <f> t = (f> w + ^; that is, by adding the entropy of 


water at 100° C., and that due to the addition of the latent heat, L, 
at the constant absolute temperature of evaporation. 

As a first approximation, suppose the heating is under the 
constant pressure of 1 atmosphere ; and the specific heat of 
water is the mean thermal unit. Callendar gives the various proper¬ 
ties of water vapour from 0° to 100° C. in his steam tables. 


1. Gain of entropy of water, (f> U} = 1 X 2*3026 log 


373*1 
10 273*1 


= 0*312. 


2. The latent heat is 539*3 lb. calories (Steam Table II) and since 
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the temperature remains constant until all the water is converted 
into steam under the pressure of 1 atmosphere, gain of entropy is 


L __ 539-3 
T 373-1 


1-4454 


Hence the total entropy gained is </>,= 0-3120 + 1-4454 = 1-7574 
Che accurate value by steam tables </>,= 0-31186 + 1-44546= 1-7573 

The difference is within the limits of error of experiment. 

If more heat is given after all the water is converted into dry 
’/earn, the temperature of the steam would rise above saturation, 
he steam is then superheated , and the additional gain of entropy 

T 

ay be calculated by the expression 0-48 log £ where 0*48 is the 

* sa 

scific heat of steam, for which Callendar gives 0*47719 in his 
tables. 

Change o! Entropy of a Perfect Gas when changing from state 
Vi> v v Ti to the state p 2 , v 2 , T 2 . The energy equation of 1 lb. of a 
perfect gas for a small change in the limit is 


dQ — C v . dT + p . dv, 


hence, 


dQ 


= C n 


if + | • dv > and P v = R T, or = 


R 

V 


Substituting this value gives 



dT lJ? dv . t j, 

— + it . —, the expression for d<p 
1 v 


Integrating, we have, 



r T t dT f. 

- c i r+*JL 


dv 


and change of entropy, 


= C v . ] 0 gep + R ■ log £ ^ 

1 x v x 

Again, since R =« C v - C vt substituting for R , 


^2 - <t>i — C v . log e + (C p - C v ) log e ~ 

1 l v i 

— C v ^log fi ^r- log £ ~j + C v . log e — 

= O v ^l 0 g £ qT X “‘j + C„ . log s ^ 


( 12 ) 
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But = - 2 - 2 , and — = !.f X —, hence wo obtain 

T x T t Pl I\ v 2 

02 ~ 0 i = C,.lo & J+C,.log,£ .... (13) 
Pi L l 

Similarly, by substituting for C V =C P - R in equation ( 12 ), wo obtain 
fa-h =C v .\og e £-R.\og E ?-> .... (14) 

1 i V i 

In calculating the change of entropy for 1 lb. of a perfect gas, 
we may use eithor ( 12 ), (13), or (14), where R , C p and C v are 
expressed in heat units, v x and v 2 in cubic feet, p x and p 2 in pounds 
per square foot. 

During an isothermal change of state, r l\ = T 2 > and equation (12) 
becomes 

0, - 0, = JJ. logs - 7 , = (C p - C v ) log e J . . . (15) 

V 1 v l 

In a constant volume change, i\ — r 2 , and equations ( 12 ) and (13) 
become 

02 - 0! = C w . log e = C. • log, J .... (16) 
1 1 Pi 

In a constant pressure change, Jh — 2 > 2 > an d equations (13) and (14) 
become 

02 ~ 0. = <?„ • logs . J = C, . loge p. . . . (17) 

V 1 M 

Change of entropy of 1 lb. of gas during expansion or compression 
according to the general law pv n = a constant. 


By equation (13) (p. 82), dQ = y i'P • dv. Dividing by T,we have 


dQ y-n p , . p R 

qi ^ __ j ^ qi • an d since ^ — 

d Q _ n Y^ n _ v dv 
T~ y -1 u 


Integrating, we have 


Jr, T Y~ l Jr, W 

0 .- 0 . = * 

(V and Ji ==(?,()/-1) 


we obtain 
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hence <f> t - fa - C v {y - X lo 8« i 

y-n 1 

= - J) x —f x —~i x log* jr 

and <f> 2 ~ <f>i — C v . • l°ge^.d») 

Hence from measurements of pressure and volume on the indicator 



diagram, <f> t - <f> l is found, also the corresponding temperature calcu¬ 
lated, and plotted on the temperature-entropy, T-<f> diagram. 

T-</> Diagrams for a Perfect Gas. We will now consider constant 
volume and constant pressure lines on the T-(f> diagram for a perfect 
gas with constant specific heat, showing the increase of entropy 
from a point (1) to a point (2) where 1l\ is higher than T v Fig. 34 
shows the two constant volume lines i\ and v 2 . 

The horizontal distance between the two curves, that is the dis¬ 
tance ^42 or IB is given by the constant temperature equation 

- <f> , t — It log, - 2 . See Eq. 15, p. 128. 

V l 

The change in entropy along either constant volume line due to 
an increase in temperature from 1\ to T 2 is given by the constant 
volume equation 

<t>A = <f>2 - <t>„ - C, log. ll See Eq. 10, p. 128. 

1 1 

The total change of entropy between points (1) and (2) is therefore 

4>,-4>i = R log. ? + C, log, p. See Eq. 12, p. 127. 

V 1 1 1 

It has already been stated that areas under a T-(f> curve represent 
heat transferred. Hence in Fig. 34, the area l A ED represents 
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C v (T 2 — T x ), and the area A2FE represents T.Ji log, that is the 

v i 

heat transferred, which equals the work done in an isothermal 
change between v x and v 2 . 

In a similar manner constant pressure lines may be obtained as 
in Fig. 35 using the equations 

h~ hi =---•« ^ - • See Eq. 14, p. 128. 

Pi 

and h — <f> A = C v log, —•. See Eq. 17, p. 128. 

1 1 



Fig. 35 . T-<j> Diagram Fig. 36 . T-<f> Diagram for 

ISENTItOPIC AND ISOTHERMAL 


Comparing the equation </> 2 — (f) x = C v lo g e ^ — R log, — with 

11 Pi 

Fig. 35, it will be seen that the constant pressure line for the higher 

T 

pressure p 2 is on the left. A comparison of the values of C p log, 

i 

T 

and C v log, indicates that as C v is greater than C vi then the con- 
1 i 

stant volume lines are steeper than the constant pressure lines. 

For an isothermal compression from p l to p 2 the process is repre¬ 
sented by AB (Fig. 36). The heat rejected and hence the work done 

is represented by the area ABCD and is equal to T A R log, It 


should be remembered that this work is that done in the compression 
only, and also that done in drawing in a charge into a cylinder, 
compressing it and then rejecting it at the higher pressure. 

A frictionless adiabatic compression from p x to p 2 is represented 
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by AE (Fig. 36). The heat transfer is nil, and the total work done in 
drawing in, compressing, and rejecting the charge is given by the 
equation 

W = C v (T e — T b ). See pp. 88 and 89. 

This work is represented by the area DEBC. 

It should be noted that areas on the T-(f> diagram must be measured 
down to the temperature T Q at which 
entropy is taken as zero. 

Stirling’s Air Engine with Regenera¬ 
tor. In 1827, Dr. Robert Stirling, and 
his brother James Stirling, patented 
and made the first hot-air engine to 
work on a perfect reversible cycle. 

This appears to be the first application 
of the regenerator , also invented by 
Stirling, in whicli heat is stored while 
the air falls from T x to T 2 , the higher 
to the lower temperature, at constant 
volume beforo heat is rejected at the 
lower temperature. This transfer of 
heat is reversible, and the regenerator 
gives up the same heat that it took in, 
so that the air is gradually heated from 
T 2 to T x in its passage back through 
the regenerator, beforo receiving heat 
from the furnace at T v To be perfect, 
the regenerator must have infinite or 
very large capacity for heat compared Fl0 37 Stirlino A ir 
with that of the air used, so that there Engine Regenerator and 
is no sensible rise or fall of temperature Displacer 

when storing and re-storing the heat; 

and further, tho regenerator must be at the same temperature as the 
air at every part in its passage. 

In one design, Fig. 37, a displacer D forces the working air up 
and down through the regenerator R , which is constructed of sheet 

iron plates ^in. thick, and kept -^in, apart by ridges to offer a 

large surface. The cooler or refrigerator W consists of coppor pipes 

5 - in. bore, about in. apart, and through these cold water circu¬ 
it Z\j 

lates. Tho displacer D is lined on the lower end with brick dust B. 

Compressed air at 150 lb. per sq. in. is delivered into the air 
vessel A to keep up tho average pressure, and supply any waste by 
leakage, the same air being used over again continuously as working 
substance. When the plunger D is raised to the top of its stroke, the 
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air passes from the top end A down through the regenerator, taking 
in heat and rising to the higher temperaturo T x of the furnace. 

Then 1 lb. of air receives heat from the furnace at constant tem¬ 
perature T v and expands from volume v x to v 2) along the isothermal 
AB on the ideal indicator diagram, Fig. 38. The pressure driven 
up the piston in the motor cylinder at C, Fig. 37 (cylinder itself not 
shown), and the heat received is equal to the work done, that is, Q l = 


RT X \og € r, where the ratio of expansion r = 


V 2 


During operation BC , the plunger D, in its downstroke, passes the 
hot air out of H up through the regenerator to the cold end, W, and 



Fig. 38 Fig. 39 

Stirling Cycle 


the top of the air vessel. The air leaves heat stored up in the 
regenerator, and falls in temperature to T 2 at constant volume, the 
pressure falling with the temperature. The heat stored in the 
regenerator is G V {T 1 - T 2 ) calories per lb. 

During stroke CD , the air is compressed from volume v 2 to v l9 
at constant temperature T 2 , being in contact with the cooler W, 
Fig. 37. The work done on the air is equal to the heat rejected, 

Q 2 — RT t log £ r 

During DA, the plunger D is raised and the air passed down 
through the regenerator, at constant volume, picking up the same 
quantity of heat previously stored there, C V (T 1 - T 2 ), and having 
its temperature raised to T x in its initial condition of volume, 
pressure, and temperature. 

During the cycle, the work done = heat supplied - heat rejected, 
that is, Q x - Q 2 = RT X log e r - RT 2 log e r 
and the efficiency is 

Heat converted into work 
Heat supplied 
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Ql ~ Qi ^ 1 r ~ 2 ** ^ 1~^ 2 

Qi ~ -BTj log £ r ~ 2', "" 


If the efficiency of the regenorator is e, the heat received by the 
air from the regenerator during the operation DA is e C v (T l - T 2 ). 

Now total heat supplied is RT 1 log e r + (1 - e) C v (B l - T 2 ) 

»„d efficiency = e^T, - f,) ' ' (2 °> 

In practice, e was about 0-8 to 0-9. 

The ?c/ea/ temperature entropy diagram of the Stirling regenerative 
engine is A BCD, Fig. 39. In the isothermal operation, AB , suppose 
1 )b. of air takes in Q 1 = 100 heat units at T x = 1,000° C. (absolute), 

the gain of entropy is f 1 = rfL = 0 , l. The heat received is 

1 y 1 ,000 

represented by the area ABNM. 

During BC the air is gradually cooled from T 1 to T 2 Li passing 
through the regenerator where heat is stored at constant volume, 
measured by the area NBCP. If the regenerator action is perfect, 
it restores the same amount at every point in the passage of the air 
through it in the opposite direction DA, also at constant volume. 
Hence the curves BC and DA are precisely alike, and have equal 
areas DAMQ and CBNP under them. The loss of entropy NP , 

p 

and gain of entropy QM , is C v log e since the fall and rise of 

** 2 

temperature follow the logarithmic curve. (See p. 128.) 

During the isothermal compression CD at T 2 , the heat rejected 
is measured by tho area PCDQ , which is Q 2 — 600° X 0*1, or GO 
heat units. 

Tho heat converted into work is Q x - Q 2 = 100 - 60, or 40 heat 
units. 

Hence tho thermal efficiency is 40 per cent. 

c . A n rtr , Qx area MABN T, 

Since AB = DC, ~ =- rjrrnn = 7n > 

Qz area PCDQ 

and the heat converted into work = (T, - T t ). 

* 1 

Stirling’s cycle is also perfect in the thermodynamic sense, and 
would be reversible if the regenerator had infinitely large capacity 
for hoat. 

Tho device of the regenerator for storing and restoring heat 
directly, as heat, effects the change from T x to T 2 , and T 2 to T x , 
instead of the adiabatic expansion and compression in tho Carnot 
cycle, and greatly reduces the length of the piston stroke. 


Since AB = DC, 
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Stirling’s engine appears to be the earliest perfect heat engine con¬ 
structed, but air is a bad conductor of heat, and there was loss of 
heat by the external furnace. 

The Ericsson Regenerative Air Engine. This engine worked on a 
cycle consisting of isothermal expansion and compression as in the 
Stirling cycle, but with passage of the air through the regenerator 
at constant pressure instead of constant volume (see Fig. 123, p. 368). 
Thus the pv diagram consists of two isothermals and two constant 
pressure lines, while the T-f> diagram is similar to that of the Stirling 
cycle, with constant pressure instead of constant volume lines. With 

T — T. 

a perfect regenerator the ideal efficiency is - 1 7/T 2 , that is the 

maximum possible between the two 
given temperatures. 

In Joule’s Air Engine the air receives 
heat at the higher constant pressure in 
a large heated chamber H , after adia¬ 
batic compression, and rejects heat into 
a cold chamber <7, at a lower constant 
pressure. Fig. 40 is a diagram of the 
essential parts. 

Air is kept cool at absolute tempera¬ 
ture, T 4 , in a large chamber, (7, by cir¬ 
culating water. The pump A takes in 
a little of this air from (7, and com¬ 
presses it adiabatically until its pressure is the same as in the 
hot chamber H , where it is further heated from T 2 to T x at 
constant pressure in tubes, by burning fuel. A little of the air 
then passes at constant pressure into the working cylinder B > 
until the valve E closes, and adiabatic expansion follows to atmo¬ 
spheric pressure. The air, at absolute temperature T 3 , which is 
above the atmospheric temperature T 4 , is discharged, through 
valve F , at the lower constant pressure, back again into the cold 
chamber. The supply of air from the pump to the hot chamber 
is so small that it does not sensibly alter the higher constant 
pressure. Fig. 41 is the pressure-volume diagram of this cycle. 
The area FDAE represents the work done on each pound of air by 
the pump ; and area EBCF the work done by the air. The differ¬ 
ence, ABCD , is the net amount of work done by each pound of air 
during one complete cycle. The numbers denote absolute tem¬ 
peratures. At the higher constant pressure AB , the ratio 

T 2 __ Volume EA discharge by the pump 
T x Volume EB admitted to the working cylinder 

and at the lower pressure, CF is the volume of air discharged, while 
FD is the volume taken in by the pump. The volume swept by the 



Fig. 40. Joule’s Air 
Engine 
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pump piston is smaller than that of the working cylinder in this 
proportion. 

The highest temperature reached is T 1 in the heated chamber H , 
Fig. 40, and the lowest T 4 at D , and between these limits the 

T - T 

efficiency of the ideal perfect engine is In the Joule engine 

I i 

the heat is not all taken in at the highest temperature T l9 nor is it 
all rejected at the lowest temperature, since T z is greater than T 4 . 

The heat taken in per lb. of air, Q x = C V (T 1 - T 2 ), 
and heat rejected per lb. of air, Q 2 = C P (T Z - T 4 ) 



Fig. 41 Fig. 42 

Cycle in Joule’s Air Engine 


In adiabatic expansion and compression between the same ter¬ 
minal pressures, the ratio of expansion and compression is the 
same ; so that 


T 1 _ 

T,~ 


Also, 




T, 
T 4 * 



T x ~T t 
T , 



Q 2 
Qi 


T^ T t 

Tx ~ T\ 


Ti 


Therefore the thermal efficiency is 


W Qi - Q 2 T 3 

Qi Qx T, 


■ ( 21 ) 


and T z is greater than T 4 . 

Hence the efficiency is less than that of a perfect heat engine 
working between the same temperature limits. 

The entropy-temperature diagram for this cycle is given in Fig. 42. 
The same letters refer to the corresponding operations in Fig. 41. 
DA is the adiabatic compression in the pump at constant entropy ; 
then, during the change AB , the air receives heat in the hot chamber, 

T 

at constant pressure, and the gain of entropy, <j> b - <j> a = C P log € j=I. 

1 2 

BC is adiabatic expansion, and CD is the other logarithmic curve 
for the rejection of heat and cooling at constant pressure. 
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Example 2, Ten cu. ft. of air, at 65° F. and 90 lb. per sq. in. absolute, 
are expanded to 4 times the original volume, the law of expansion being 
pv 1 ' 26 = constant. Find the change of entropy. GivenX^ = 130*2 ft-lb., 
and y = 

Here 
and 
hence 


T x = 65 + 460 = 525° F. (absolute) 
rp /, \ 1.25-1 

¥r(i) - °' 7071 

T t = 525 X 0 7071 = 371-2° F. (abs.) or 371-2 -460 


• 89° F. 

Change of entropy 

= C„ . -—J . loge^ 1 , by equation (18) y. 129 
n — 1 i * 


130-2 1-4- 1-25 00ft0fll 525 

778 X 1-25- 1 X ‘ 3026 ° gl ° 371 


130-2 

778 


X 0-15 X 4 x 2-3026 X 0-1508 = 0-0348 

Answer. 


R y — n v 2 
Check by <f> 2 - <f> x = j . — y . logs - 

We have R = K v (y- 1) = 130-2 x 0-4 = 52-08 

and change of entropy 

52 08 1 4 - 1 25 /4\ 

— 778 ^ 14-1 ^ ^*3026 log 10 1— 0-0348 

Answer. 

f Example 3. If 1 lb. of air occupying 3 cu. ft. at 180 lb. per sq. in. absolute, 
and 537° C., expands at constant temperature to 12 cu. ft., what is its 
pressure after expansion, the work done, heat reception, and change of 
entropy ? 

Hero the temperaturo is kept constant and, by Boyle’s law, 

v 1 180 X 3 

p 2 v 2 = V\ v v or Pi = Pi X - = —rs— = 45 lb. per sq. in. 

V 2 

Work done, 

W = p x v x log s r = 144 X 180 X 3 logs 

but logs 4 = 2-3026 x 0-60206 = 1-3863, 

IF = 144 X 540 X 1-3863 = 107,800 ft-lb. 



IDEAL REVERSIBLE CYCLES 


137 


Since the temperature, and consequently the internal energy, are 
kept constant, the heat taken in by the air is equivalent to the work 
done by it, and is 

1 1 07 ;f?° = 77 C.H.U., at 537 + 273 = 810° C. (abs.) 

1,400 

gain of entropy 

= ^ = 0*095 units. 

olO 

or, by equation (15), gain of entropy 

= (C v - O v ) log* Sr = 0 0685 log* 4 


= 0-0685 x 1-3863 = 0-095 units. 


Answer. 


Example 4. A quantity of air having a volume of 2 cu. ft. at atmospheric 
conditions of 14*7 lb. per sq. in. and 15° C. is compressed according to the 
law pv 115 = a constant, until its pressure is 1201b. per sq. in. Find the 
change in the internal energy of the air and also the change in entropy. 
The specific heats for air at constant pressure and constant volume are 0*238 

( U.L., B.Sc. (Eng.), 1925.) 


and 0*169 
Given 


v x = 2 cu. ft. 

p x = 14*7 X 144 lb per sq. ft. 

T x = 15° + 273° = 288° C. (abs.) 

j = 0-238 - 0-169 = 0-069 C.H.U. per lb. 

= ^ = 0-238 
7 C., 0-169 


=iV b - 


Let 

w = 

= weight 

of air in lb. 

then 

w = 

Pi»i 


14*7 x 144 x 2 

~ RT X 


0-069 X 1,400 x 288 

Now, 



n - 

1 /120\ 

x 2 _ 
Tx 

- fe) 




.*. log T , = log 288 + — (log 120 - log 14-7) 

= 2-45939 + ~ (2-07918- 1-16732) 

= 2*45939 + 0*11894 = 2*57833 
T t = 378*7 C. (abs.) 

and the air gains internal energy = w . C V (T 2 - T x ) 


= ~ X 0*169(378*7-288) 


2*33 C.H.U. 
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Also, by equation (18), the change of entropy, 

ly — n\ Ti 
<f>* - ~ C v \ n — j 1 log € jp 

~ /l-408-M5\ , / 288 \ 

— 0169 ( 1>15 - 1 ) x 2-3026 lo gio^378-7j 

= 0-169 X ° 0 -^ X 2-3026(-0-11894) = -0-0797 


The negative sign means that during the change of state the air 
loses entropy in amount 0*0797 units. Answer. 

The student should check these results by different methods— 
We have p^ 115 = p 2 v 2 1 ’ 15 * or 



log ^ = ||(log 120 - log 14-7) = ~ X 0-91186 = 0-79293 


1= 6-208, and = 


0-3222 cu. ft. 


. , , vj / T,\ _J_ /378-7\_L 

Or T l . V :* = T % • V '- 1 ••• £ = (t;)" - 1 = (“288 )° ‘ 5 

v 20 20 

and log - 1 = (log 378-7 - log 288) = ~ X 0-11894 = 0-79293 

V 2 O O 


log v 2 = log 2 - 0*79293 = 0*30103 - 0-79293 = 1*5081 
/. v > = 0*3222 cu. ft. 


Also (p. 128), change of entropy, 


— 7 


log.* 

y -1 **vi 


Substituting values, 

= 0-060 (T^l'r) 2-3020 log.o^ 

0-258 

4 > 2 - 4 > i = - 0*069 X () 4 ^ 8 x 2*3026 x 0*79293 = -0*0797 


Alternative Method , useful for students. Work done on the air 
during compression 


— 1-16 - 1 {(p,) 


144 x 14-7 x 2 f /120 \ A 


0-16 


K ^) A -4 


144 X 14-7 X 2 


(1-315-1) = 8,891 ft-lb. 


0-15 
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Otherwise, 

Work done = p * v *~ p ' v ' = (120 X 0-32218 - 14-7 X 2) 

n -1 015 

= 960(38-662 - 29-4) = 8,891 ft-lb. 

8 891 

The heat equivalent of this work = f^jo = 6*35 C.H.U. 

Since n < y, heat is given out by the air or rejected during 
compression, in amount 

_ y~ n v Work done (ft-lb.) _ 1-408- 1-15 

y-\ X J 1-408-1 xb350iiU - 

= 4-02 C.H.U. 

During compression of the air, 

Increase of internal energy = Heat received - Heat rejected 

= 6-35 - 4 02 = 2-33 C.H.U. 

Again, the change in entropy may be calculated by either of the 
equations (12), (13) or (14) (pp. 127 and 128). 

Thus, by (12), 

<f>2~<f>i = Cv logs + J • 

= 0-169log e ^2 + 0-069 log, 0 - 3 ! 22 
= 0-169 x 2-3026 x 0 11894 - 0 069 X 2-3026 X 0-79293 
change in entropy = 0-04628 - 0*12598 = - 0*0797 
Also by (13), when the pressure and volume are known, 

< t > i~ <t>i = C 9 . logs -- -f C v . log € “• 

Pi v i 

Substituting as above 

= 0*169 x 2*3026 X 0*91186 - 0*238 X 2*3026 X 0*79293 

change in entropy = 0*35481 - 0*43454 = - 0*0797 
Or (by 14), 

^2 " ~ ^v * T\ ~J ' pi* 

= 0*238 X 2*3026 X 0*11894-0*069 X 2*3026 X 0*91186 
change in entropy = 0*06518 - 0*14488 = - 0*0797 

Answer. 

Example 5. A Stirling regenerative air engine works between temperatures 
of 700° F. and 80° F. f the ratio of isothermal expansion is 2. Calculate the 
ideal efficienoy when (a) the engine is fitted with a perfect regenerator; 
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(6) when the efficiency of the regenerator is 0-9. Take C v «= 0-2376 and 
C v = 0 - 1691 . 


Given = 700 + 460 = 1,160° F. (abs.) 
and r 2 = 80 + 460 = 540° F. (abs.) 
and T x - T t = 620° F. 

Also thermal equivalent oi R = C v -C v = 0*2375 - 0*1691 = 0*0684 


(a) Efficiency = 
or 53*45 per cent. 




1,160-540 

1,160 


620 

1,160 


= 0-5345, 
Answer. 


(b) By equation (20), (p. 133), 

Heat supplied, Q l = R ,T X log e r + (1 - e) C V (T X - T t ) 

Heat rejected, Q a = R . T 2 log 6 r + (1 - c) C V (T X - 7' 2 ) 

Effici ' ncJ, ~ g.r,io^'+(f-]°c.(i- l -r,) < ‘ uul ' o&2=0 ' e9315) 

0-0684 X 620 X 0-69315 


0-0684 X 1,160 X 0-69315 + 0 1 X 0-1691 X 620 
29-4 

, ... = 0-449, or 45 per cent. . 

55 + 10-48 * Answer. 


Example 6. In a double-acting Stirling engine working between the tem¬ 
peratures of 650° F. and 150° F., diameter of cylinder 1G in. by 4 ft. stroke, 
revolutions per minute 28, ratio of expansion 1*24, piston displacement 
per pound of air per stroke 1*06 cu. ft., brake horse power 46*45. Estimate 
(a) the work done per pound of air per stroke ; ( b) thermal efficiency of the 
engine, assuming the efficiency of regenerator 0*9 ; (c) the mean effective 
pressure; and (d) indicated horse-power and mechanical efficiency. 

Take C v = 0*2376, G v = 0*1691. 


Given T x = 650° + 460 = 1,110° F. (abs.) 
and T 2 = 150° + 460 = 610° F. (abs.) 

Also R = 778(0-2375- 0-1691) = 778 X 0-0684 
= 53-2 ft-lb. per lb. 

(а) Work done por pound of air per stroke 

= R(T X - T t ) log e r (and log e 1-24 = 0-2151) 

= 53-2 x 500 X 0-2151 = 5,722 ft-lb. 

(б) Heat supplied 

= RT X log® r + (1 - e) ifw (7'j - 1\) 

Substituting values, 

Heat supplied = 63-2 X 1,110 X 0-2151 + 0-1 X 131-6 X 500 
= 12,700 + 6,580 = 19,280 ft-lb. 
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Thus the heat energy wasted in the generator, due to imperfections, 
is 6,580 ft-lb. 

Hence the actual thermal efficiency of the engine 
_ Work done by air on piston _ 5,722 _ 

- "Heat supplied to engine “ 19^80 “ (near y) ‘ 


The ideal efficiency with perfect regenerator having efficiency 
unity would be 


T 1 -T 2 _ 1,110 - 610 __ 500 
T x “1,110 “ 1,110 


or, neglecting waste in regenerator, 
5,722 ft-lb. 


12,700 


= 0-45 


(r) Mean effective pressuro 

Work done per pound of air per stroke 5,722 
Volumo swept by piston 1*06 

= 5,398 lb. per sq. ft. = 37*5 lb. per sq. in. 


(d) Sectional area of piston = 7t(8) 2 = 201 sq. in. 

Work done by air on the piston per minute (two strokes per 
revolution) = 37-5 X 201 X 4 X 28 X 2 ft-lb. 

Honco indicated horse-power 


37-5 X 201 X 4 x 28 X 2 
33,000 


51-2 I.H.P. 


Mechanical efficiency 


B.H.P. 45-45 
I.H.P. “ 51-2 


— 0-888, or nearly 89 per cent 


and efficiency ratio 

Thermal efficiency 
Ideal efficiency 


0-3 
0-45 : 


0-667 


Example 7. The air engines of the ship Ericsson worked on the Ericsson 
cycle between the temperature limits 122° E. and 414 f E. Piston displacement 
per pound of air, 22 on. ft.; ratio of expansion, 1*5; revolutions per minute, 9. 
Diameters of the four cylinders, each 14 ft., stroke 6 ft. Calculate (a) work done 
per pound of air por stroke ; (6) thermal efficiency of engines ; (c) heat energy 
wasted in the regenerator assuming its efficiency c = 0-9 ; ( d ) mean effective 
pressure ; ( c) indicated horse-power. Take K p = 184-Sand K v — 131-6 ft-lb. 
per pound of air. 

Given T x = 414° + 460° = 874° F. (abs.) 

T 2 = 122° + 460° = 582° F. (abs.) 

R = 184-8 - 131-6 = 53-2 ft-lb. 


and 
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(a) Work done per pound of air per stroke 
^R(T^T 2 ) logs r 
= 53*2(874-582) log* 1*5 


/.Work done = 53*2 x 292 x 0-4055 = 6,300 ft-lb. 

(b) Heat supplied 

= M\ log e r + (1 - e) K p (7\ - T 2 ) 

= 53*2 x 874 x 0-4055 + 0-1 X 184-8 X 292 
= 18,860 + 5,396 = 24,256 ft-lb. 

/. Thermal efficiency of engine 


Work done 


6,300 


= 0-26. 


Heat supplied 24,256 

(c) Here, heat wasted in the regenerator = 5,396 ft-lb. 
With a perfect regenerator, thermal efficiency 


6,300 

18,860 


= 0-334, or = 


874° - 582° 
874° 


= 0-334. 


( d) Mean effective pressure 

Work dono per pound of air per strpke __ 6,300 
Volume swept by piston 22 

= 286 lb. per sq. ft. = 2 lb. per sq. in. (nearly) 

(e) Sectional area of each cylinder 

= 7 rf 2 = 7f X 7 2 = 154 sq. ft. 

Joint area of the four pistons 

= 154 X 4 = 616 sq. ft. 

/. Work done per minute 

= 286 x 616 X 6 X 9 ft-lb. 


and therefore indicated horse-power 
286 X 616 X 54 


33,000 


= 288 


Answer. 


EXAMPLES IV 

1. Ten cu. ft. of dry air at 18° C. and 90 lb. per sq. in. absolute pressure, 
are expanded to 4 times the original volume, the law of expansion being 
p V i-tb — constant. Given that the specific heat of air at constant volume is 
0*169, and at constant pressure 0*238, find the change in entropy. 

2. One lb. weight of dry air occupies 3 cu. ft. at 110 lb. per sq. in. absolute 
pressure, and 227° C., and is expanded at this constant temperature to 12 
cu. ft. Find the heat taken in and the change in entropy. 

3. One lb. of dry air occupies 12-39 cu. ft. at 0° C. and 14*7 lb. per sq. in. 
absolute, and is compressed to 200 lb. per sq. in. absolute, (a) isothermally, 
(6) when the compression is pv l i = constant. What is (1) the work done on 
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the air in fool-pounds; (2) the amount of heat taken from the air during 
compression ; and (3) the change of entropy in each case ? Take the specific 
heat of air at constant pressure, 0*238, and at constant volume 0*17. 

4. The lower limit of temperature of a Stirling engine is 1,000° F. (638° C.). 
The maximum and minimum pressures are 1801b. per sq. in. absolute, and 
30 lb. per sq. in. absolute, and the expansion ratio is 3. Calculate the ideal 
efficiency. ( C/.L., B.Sc. ( Eng .).) 

6. A Stirling engine, with perfect regenerator, works between pressures of 
135 lb. per sq. in. absolute and 15 lb. per sq. in. absolute, and temperatures 
650° F. and 50° F. respectively. Calculate the mean effective pressure on the 
piston. 

6. In a Stirling engine working between the temperatures of 700° F. and 
80° F., the ratio of isothermal expansion is 2. Calculate the ideal efficiency 
when (a) the engine is fitted with a perfect regenerator ; (6) when the efficiency 
of the regenerator is 0*9. Take C p — 0*2375 and C 9 = 0*1691. 



CHAPTER V 

AIR COMPRESSORS 


An air compressor is any machine which takos in air, compresses, 
and delivers it to a receiver at a higher pressure ; and may bo of 
(1) the ordinary cylinder and reciprocating piston typo, or (2) the 
rotary type, including turbo-comprcssors. 

An air motor is a machine which takes in air at the higher pressure, 
and in allowing the air to expand to the lower pressure, converts 
pressure energy of the air into mechanical work. 

The Reciprocating Compressor (no internal friction losses). The 
ideal indicator diagram A BCD (Fig. 43) illustrates the action in the 
piston compressor, assuming water jacket cooling but with no 
internal losses by friction or eddies. 

During the suction stroke, AB, volume v x cu. ft. of free air flows 
into the cylinder at atmospheric pressure p x lb. per sq. ft. absolute, 
and the work done on the piston is p x v x 

ft-lb. 

BC is the compression curve, pv n = a 
constant, the slope lying between the 
adiabatic BF and isothermal BE. The 
work done on the air during compression 
to absolute pressure p 2l and volume v 2 > 



is - 2 - ^ (See Eq. 4, p. 13). 


When there is a water jacket around 
the cylinder, n may vary from T35 to 1*25 
for thoroughly efficient cooling ; and in the special case of cooling 
the air during compression, by spraying water into the cylinder, 
which is drained away from the discharged air, n may be T2. 
Lower values of n are probably due to leakage past the piston or 
valves. 

CD is the delivery of the air from the cylinder to a receiver at 
constant pressure p 2 , and the work done during this stroke is p 2 v 2 . 

The total effective work of suction, compression, and discharge in 
foot-pounds per volume v 1 of free air compressed per cycle is repre¬ 
sented by the area ABCD ) and is 


W 


p 2 v 2 -p l v l 
n- 1 


+ V2 V 2 “ Pl V 1 


n - 1 


(PM-PiV 0 


( 1 ) 


and since, 

pv = wRT, W = — w . R(T 2 - T x ) . . (2) 

n — { 


144 
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Also during compression, BC , the temperature is raised from T x to 
T 2 absolute, and 



Substituting this value of T 2 in (2), gives 

W = ~T\ RP\ |(~j n - 1 1 per pound of air . (3) 

If the compression is adiabatic (no water cooling), the compression 
curve is BF (Fig. 43) and the total work done W is represented by 
the area ABFI), and is expressed by the equations given above 
with the value of n = y — 1*4 approximately for air, the value of 
v 2 being v F and the value of T 2 being T F . 

With isothermal compression, the compression curve is BE and 
the work area is ABED where 

W = [vdp - f pdv - m log, 7 - 2 = WRT 1 \og c ^ = WRT l log, — 
J J Pi Pi V E 

In assessing work done, one must be careful to differentiate 
between work done in the compression only {$pdv) and the total 
work of suction, compression, and delivery ( $vdp). 

The T-cj) diagram for water-cooled compression is shown in Fig. 44, 
assuming no internal friction losses. As during the compression BC 
(Fig. 43) heat is abstracted from the air by the cooling water, there 
will be a decrease of entropy, and the compression curve will be be 
(Fig. 44). 

The heat abstracted Q is given by the equation 

Q - — n . 2 . ^ per lb. of air. See Eq. 14, p. 83. 

y — 1 n - - 1 x 1 

The total work done IF is given by the equation 
W ~ U --- R(T 2 — T x ) per lb. of air 


and 

W - Q ,= ~~ 1 m \- r i\) - — V F{T ^~ Ti) = ~ y lt (T t - T x ) 
n — Y A/ y — 1 n— 1 y — 1 v ^ 17 

= C v {T^T y ) 

In any one of the above equations, Q , IF and R must all be expressed 
in either heat or work units. 

In Fig. 44— 

Q is represented by the area bchg. 

W — Q is represented by the area echk. 

Hence IF is represented by the area bcekg. 
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Isothermal compression BE (Fig. 43) is shown as be in Fig. 44. 
The heat transferred Q which in this case is equal to the work done 
is represented by the area bekg and is given by the expression 

Q = JYRlog,— 

Pi 

Hence the excess of work in the case of normal water cooling over 



work in the case of isothermal compression is represented by the 
area bee . 

Adiabatic compression BF is shown as BF , Fig. 43 and &/, Fig. 44. 
The heat transfer is nil and the work done is 

W = C v (T f — T b ) = C v (T f — T e ) 

This work is therefore represented by the area fekg and the excess 
of work in adiabatic compression over the actual work in cooled 
compression is represented by the area bcf. 

It should be noted that the equations given above can also be 
used for a rotary compressor provided internal friction can be 
neglected. 

Free Air Delivery. When stating the volume of air delivered by a 
compressor it is obviously necessary to state the pressure and tem¬ 
perature. This is generally done by giving the delivery in terms of 
“free air/’ namely the delivered volume in terms of standard intake 
conditions. In the absence of any given conditions these are generally 
taken as 14-7 lb. per sq. in. and 60° F. 

Isothermal Compression Efficiency. In a water-cooled compressor 
as already shown the final discharge temperature at the point C 
(Fig. 44) will be greater than the isothermal temperature T E = T B> 
and the work done (area ABCD) y Fig. 43, will be greater than the 








AIR COMPRESSORS 147 


isothermal work (area ABED). The isothermal compression 
efficiency is hence defined as 

Isothermal H.P. on free air delivery 
Indicated H.P. 


The overall isothermal efficiency is measured by the term 


Isothermal H.P. on free air delivery 
B.H.P. delivered to compressor shaft 

Compressed Air Motors. Compressed air is used for a large 
variety of purposes and, on account of its safety, especially for the 
transmission of power in mines. After cooling in the compressor 
receiver, the compressed air flows through supply 
mains to the motor and, in the cylinder, does work 
by expansion. The cycle in the motor cylinder is 
like that of the air compressor reversed. 

If the air after expansion is exhausted just above 
atmospheric pressure the temperature may be below 
the freezing point, then any moisture in the air 
would be deposited as snow, which would block the 
exhaust valves of the motor. In order to prevent 
snow and ice forming in the motor cylinder the air is warmed by steam 
and passed through a “preheater,” or heating stove, at constant 
pressure, before admission to the motor. The volume of the air 
is thereby increased in proportion to the absolute temperature, 
and part of this heat energy is converted into additional work in the 
motor cylinder. 

Let 1 lb. of compressed air from the mains in the state p„ v Xi 
and T x (absolute) be heated at constant pressure to T , so that 



Fia. 45 


v T T 

- r -, OTV = ViX - 

When admitted into the motor cylinder at constant pressure p u 
Fig. 45, the work done is p x v. Next, during expansion from absolute 
pressure p x to p 2 , according to tho law pv n = constant, the work 


done = and during exhaust at constant pressure p % the 

71—1 

work done by tho piston on tho air = - p 2 v 2 . 


The total effective work done by the air during the cycle is 


TJ7 , Pl V “ P2 V 2 n / 

w = p x v + - ~l - ~P* V * = 2 ) 


but pv 


also 


RT, and W = . R(T - T„) = ^ . RT 



?! 

T 



n-1 

n 


<MT.5434) 
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Substituting this value, we have 



Example 1. An engino is supplied with compressed air at 90 lb. per sq. ifi. 
(abs.) and 65° F. The air is expanded according to tho law = constant, 
down to 15 lb., and then exhausted at that pressure. Determine tho pounds 
of air that will bo used per hour per indicated horse-power, and calculate the 
temperature of the air at the ond of expansion. Neglect lossoa duo to 
clearance, etc. 

(U.L., B.Sc. (Eng.).) 


Take 1 lb. of air at 

T x = 65° + 460° = 525° F. (abs.); and p x = 90 X 144 lb. per sq. ft. 


__ R7\ 
^ ~ Pi 


53-2 x 525 
90 X 144 


= 21551 cu. ft. per lb. 


During expansion 

Pi-Vt 1 - 9 = p 2 .v 2 1-3 v t = v i = 2-1551 x 6 1-3 

Taking logarithms, 

log v 2 = log 21551 + A log 6 = 0-33347 + °-^ | 15 =0-93204 
1*0 1*0 

.-. v 2 = 8-5515 cu. ft. 


71 

Work done by 1 lb. of air in motor =-- (p x v x - p 2 v 2 ) 

Tl 1 

= X 144(90 X 2-1551 - 15 X 8-6515) 

0*0 

= 624(193-959 - 128-273) = 624 X 65-686 ft-lb. 
Weight of air per indicated horse-power hour 


33,000 X 60 
624x65-686 


= 48-31 lb. 


Answer. 


Now r, = tey- _ . T _ Tt (Mf|_ 626 mj 

Tz \vif \PtJ * \PiJ J 

and log T 2 = log525-^log6=2-72016-^ X 0-77815 = 2-640586 
.\ T t = 347-2° F. (aba.), or 347-2° - 460° = - 112-8° F. Answer. 


Efficiency o! a Compressed Air System. As already stated, the slope 
of the actual compression curve in a compressor is steeper than the 
isothermal curve, the final temperature is higher than the intake 
temperature and the actual work is greater than the isothermal 
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work. This would not mean a loss if the air at the higher delivery 
temperature could be used directly in the air motor without loss of 
heat in transmission from the compressor to the motor. In practice, 
however, this is not the case. 

It will be useful to consider the effect of this loss on the efficiency 
of the system as a whole, and for simplicity we will assume that the 
compression and expansion laws are the same, the pressure ratios 
in compressor and motor being equal, while the hot air leaving the 



Fig. 46. Compressed Air System 


compressor is cooled down in the transmission line to the original 
compressor intake temperature. 

Then in Fig. 40 the work done on the air in the compressor 

7t 

w c — - _ (l>c v c — l>b r b) --- Area abed 

Tin' work done by the air in the motor is 
11 / 

W m — — (p,.v e - p/i' f ) ; Area defa 
The efficiency of the system 

1 _ Pl v Z 

w,n _ ypp" — p£l _ P' v * x 

Wc ~ pd’c 1 - OT" " M“ ' iW* _ J 

WV* 

But m = IV. ^ a,Kl a - 


1 

Hence efficiency -- - 
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Assuming adiabatic compression and expansion (n = 1-4) and a 
pressure ratio of 10 this gives an efficiency of 0-518. This indicates 
that as a means of transmitting power over any but a short distance, 
the efficiency of the system is low. This is, however, compensated 
for by its simplicity and safety. 

Multi-stage Compressors. In order to reduce the losses during 
the compression of air to high pressures, above, say, 120 lb. per 
sq. in. (gauge), the compression is usually carried out by two or 



three stages in soparate cylinders ; and after each stage the air is 
cooled, at constant pressure, as nearly as possible down to the 
initial temperature, and thus reduced in volume, by passing through 
an intercooler , with circulation of cold water. 

In modem practice, the coppor coils used in small machines are 
being replaced by straight tube intercoolers, on the counter-current 
principle, with air passing through the tubes while the cooling water 
surrounds them and Hows in the opposite direction, so that the air 
leaves the cooler almost at the temperature of the inlet water. 

Fig. 47 shows two-stage compression with perfect intercooling. 
The length AB represents the volume, v lt of air at pressuro, p l9 
taken into the low pressure cylinder, and BC is the compression 
curve according to some law p'rt 1 — constant. 

The air is then cooled at constant pressure p % down, as near 
as possible, to the initial temperature, at E , and its volume reduced 
to v 2 . The air is then delivered to the high pressure cylinder 
where compression follows the curve EF t having pxf* = constant, 
until the pressure is p t at F and tho volume HF is v 3 . 

Fig. 47 shows the saving in work by two-stage compression and 
intercooling. For single-stage compression the work is represented 
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by the area ABL l H . For two-stage compression the low pressure 
work is ABCD and the high pressure work is DEFH. Hence the work 
saved is given by the area ECL l F. 

The work done in foot-pounds per pound of air per cycle, in the 
two cylinders, is 


W = 


n 

n - 1 


RT x 


n 

~~ n - 1 


RT , 


tcr-i 

[&)*+er-*] 


it 

ft - 1 
n - 1 



(5) 


The total work expended will be the least possible when 


(Pi\ n — X , 

»-y• +y 


is a minimum. Now, since p x and p 9 are constants, differentiate 
with respect to p 2 , and we have 
dy n - 1 
dp 2 ~ ft 
for a minimum. 


.1 /lX’Lri n-1 i-I 1-2 


Divide by p 2 » , and we have 


ft - 1 1 - n ft - 1 n ~ 1 2(1 - n) 

, Pl n == __. 2?in . p, n 

from which 


1 - n 

~ n ) p, n 

Pi " = -»T1 

Pi » 


. Pt P. 

oT prPi 


( 6 ) 


Hence for the least work to be done, the ratios of compression in 
the two stages are equal, and p 2 = Vpi . p 9 . 

At the end of the first-stage compression in the low pressure 
cylinder the air is cooled in the intercooler from T 2 to T lt at E 
on the isothermal and the ratio of the volumes of the two cylinders is 


Vi 

Also, since 
T x 

we have 




(7) 


. Ti _ T* 

” T x ~~ T x 


( 8 ) 
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showing that the ratio of the initial and final temperatures during 
compression is the same for oach stage when the work of com¬ 
pression is a minimum. 

Substituting (6) in (5) and puting RT X = p x v u we have the mini¬ 
mum work done in ft-lb. per volume v x for two stage compression,' 



In three-stage compression the volume v x of free air at absolute 
pressure p x is compressed to pressure p 2 in the low pressure cylinder, 
and is then delivered at constant pressure through an intercooler 
to the intermediate pressure cylinder, its volume shrinking to v 2 , 
and temperature from T 2 to T x on the isothermal. The volume of 
air v 2 at pressure p 2 is now compressed to pressure p* in the inter¬ 
mediate cylinder, and is then delivered through another intercooler 
to the high pressure cylinder, its volume being reduced to v„ at 
constant pressure, and temperature jP 3 to T x . 

In the high pressure cylinder the air is compressed to pressure p 4 , 
and is then delivered to the receivor at this constant pressure p 4 . 

The work done in foot-pounds per pound of air per cycle in tho 
three cylinders is 



since RT X — p i v l = p 2 v 2 = p z v % . 

The same conditions hold for least work to bo done, as in two- 
stage compression, and 



Substituting (11) in (10), we have the least work done in foot¬ 
pounds per pound of air, 



The ratio of tho volumes of the three cylinders will be 

»i = «* = /M* 

»* v, \p,j 

Clearance Volume. So far we have ignored the effect of clearance 
volume, that is the volume of air left in the clearance space at the 
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end of the delivery stroke. This volume is represented by ED at a 
pressure p 2 in Fig. 48. 

It will be seen that on the piston starting to move on its suction 
stroke, the clearance air must first expand along the curve DF , and 
air will not be drawn in until the pressure of this air has fallen to 
p x at the point F. Thus the theoretical volume of air drawn in at a 
pressure p x is represented by FB and not by the stroke volume HB. 



Let W x — weight of air compressed along the curve BC 
W 2 ~ weight of air expanded along the curve DF 

and assume laws of compression and expansion are the same. Then 
net work done 


W - Area A BCE - Area EDFA 
(for JFJb.) (for W 2 lb.) 


But as pv 

w 

n 

— n _j l(Pc>'c Pu v ji) ( Pd v d Pf v f)] 

= WRT 

then 

w 

=^n - T b ) - W 2 R(T d - T f )] 


This expression may be simplified if it is assumed that the tem¬ 
peratures during intake and delivery respectively are constant, i.e. 

Tb = T f and T D = T c 

Then 

7 ) 

i ^*> W 0 -T b ) 

where W x — W 2 — weight of air delivered per stroke. 
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Volumetric Efficiency. Volumetric efficiency is measured by the 
ratio of the volume of air delivered per stroke, corrected to free air, 
to the stroke volume swept by the piston. 

For the ideal conditions assumed in the previous paragraph 
therefore the theoretical or “indicated” volumetric efficiency ia 
FB 

measured by Fig. 48. 

Practical considerations, however, do not follow these assumptions 
for various reasons. Thus there are differences of temperature 



Fio. 49. Single-stage Compression 
Positively Operated Suction Valves. 
Automatic Delivery Valves. 


Fig. 50. Two-stage Com¬ 
pression with Intercooling 
Automatic Suction and 
Delivery Valves 


Power per cu. ft. 
free air delivered 


0-202 B.H.P. 


between the clearance air and the fresh air drawn in, while the tem¬ 
peratures during intake and delivery are not necessarily constant. 
Again automatic spring-loaded valves require force* to open them 
and leakage may take place past valves and pistons. Thus the actual 
volumetric efficiency which is measured by the ratio 

Actual volume of free air delivered per stroke 
Piston stroke volume 

is different from the indicated volumetric efficiency. 

Figs. 49 and 50 show indicator diagrams for a single- and a two- 
stage machine. 

Properly designed mechanical inlet valves ensure the cylinder 
filling with air at atmospheric pressure, while the spring-loaded 
automatic valve inevitably causes attenuation due to the fact that 
the atmospheric pressure has to compress the spring of the suction 
valve so that the pressure inside the cylinder will be less than 
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atmospheric. Consequently, the equivalent air delivered, measured 
in terms of free air, will be less, and the volumetric efficiency will 
be less. It will be noticed, in Fig. 50, that there is loss where the 
delivery pressure in the first stage is higher than the intercooler 
pressure ; and the suction pressure in the second stage is lower 
than the intercooler pressure, owing to the resistance of the spring- 
loaded valves. There arc also considerable inertia losses due to 
starting and stopping the air-flow at the suction, and in the air 
main on delivery of the air. 

The volumetric efficiency is about 85 to 90 per cent in well- 
designed air compressors. 


Example 2. What is the horse-power required to drive an air compressor 
which takes 20 lb. of air per min. at 60° F. and atmospheric pressure, com¬ 
presses it in one stage to 6 atmospheres, and delivers the air to a receiver 
at this pressure. Compression curve, pi? 1 25 — constant, and mechanical 
efficiency of the compressor 80 per cent. Neglect losses due to clearance, 
cooling, leakage, etc. 


Here Ti = 60°+ 460°= 520° F. (abs.), and, as in Fig. 43, we have 
Work done por pound of air = - 1 j 


1-25 


X 53-2 x 520 


r/6\i-. 25 -l 1 

W “ - 1 ] 


- 1-25-1 

= 5 x 53-2 x 520(1-431 - 1) = 59,617 ft-lb. 

Work for 20 lb. air per min. = 59,617 X 20 ft-lb. por min. 


T . , 59,617 x 20 100 

Horse-power required = — ^ qqq — X -gQ = 45-16. Answer 

To check, take the volumo of 1 lb. dry air at N. T. P. 

= 12-39 cu. ft. = —— 

0-0807 

volume of 1 lb. dry air at 1 atmosphere and 60° F. 

= 12-39 x|^= 13-09 cu. ft. 


volumo of 20 lb. of free air at 60° F. = 1309x 20=261-8 cu. ft. 
Nowp, . = p t . V 16 , and ? = g- 

v t = v, X an< ^ v% = 261-8 - ^ log 6 = 1-7954 

v t = 62-43 cu. ft. 
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1-26 


W = -p&i) = X 144 X 14-7(6 X 62-46-1 X 261 -8) 

= 720 X 1,657-86 ft-lb. 
and horse-power required= 


720x1,657-86 100 „ . 

—53,006— x 80 - 452 


The amount of heat that escapes through the cylinder walls 
during the compression may be estimated by Eq. (14), p. 83. 

The work done W namely 59,617 ft-lb. per lb. is the total work 
done in drawing in, compressing, and delivering. 

Hence the work done in compression only 


W _ 59,617 
n “ 1-25 


= 47,700 ft-lb. per lb. 


y — n 

Heat lost = -- T 

Y- 1 


X work done in compression 


_ 1*4- 1-25 47,700 X 20 

- 1-4 - T-0 x ' 1,400 


256 C.H.U. per min. 


Example 3. Air under atmospheric conditions of 151b. per sq. in. and 
10° C., is drawn into tho low pressure cylinder of a two-stage air compressor, 
and is compressed adiabatically to 100 lb. per sq. in. The air is then cooled 
at constant pressure to 20° C., and is drawn into the high pressure cylinder, 
where it is compressed to 600 lb. per sq. in,, at which pressure it is discharged 
into the reservoir. Calculate the horse-power of the compressor which thus 
deals with 800 cu. ft. of air per hour measured at atmospheric conditions. 

(U.L., B.Sc. (Eng.).) 


Let p u v u T x and p 2 , v 2 , T % be the pressure, volume, and tem¬ 
perature, respectively, at start and end of the first stage ; also 
Vi> v 2 > T 2 an d P*> T t at the start and end of the second stage. 

Neglecting clearance volume, the work done in compressing 1 lb. 
of air under above conditions, by equation (3), is 





;[(*)*->] 

= 336 |283 ^ T - lj + 293(6? - 1) 


+ 293 


r/600\°i 1) 

MH) 


= 336 {283(1-7195 - 1) + 293(1-6685 - 1)} 
= 336(203-62 + 195-87} = 336 x 399-49 
= 134,230 ft-lb. per lb. of air 
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The compressor has to deal with 800 cu. ft. of air per hour, 
measured under atmospheric conditions, i.e. 

v = 800 cu. ft. when p = 15 lb. per sq. in., and T = 283°C. (abs.) 


Now pv = w . RT, where w — weight of air = 


pv 

RT 


w = 


144 X 15 X 800 18,000 


= 63-6 lb. 


96 X 283 283 

work in compressing 63-6 lb. of air per hour 
= 63*6 x 134,230 ft-lb. per hour 


horse-power of compressor 


63-6 x 134,230 
33,000 X 60 


= 4*31 H.P 


Answer . 


Students may check this result by calculating the changes in 
volume of air by adiabatic compression, i.e. from 800 to 
206*34 cu. ft. in the low pressure cylinder, and from 124*24 to 
34*548 cu. ft. in the high pressure cylinder ; also determine the 
amount of heat given per hour by the air to the water in the inter¬ 
cooler. 


Example 4. Determine the sizo of cylinder for a double-acting air com¬ 
pressor of 50 I.H.P., in which the air is drawn in at 15 lb. pressure and 60° F., 
and compressed, according to the law pv 1 2 — constant, to 90 lb. pressure. 
Revolutions per minute, 100 ; average piston speed, 600 ft. per min. Neglect 
clearance. ( U.L. , B.Sc. (Eng.).) 

Given = Pr v t‘*> ^ = (iB ) = 6 ’ = 4 461 

where pi and p 2 are pounds per square inch, and v x and v 2 cubic feet. 

« x . „ . Work done per cycle 

Mean effective pressure p m lb. per sq. in. —-- 

™,„144xp,._^(M^)xl44 


Stroke volume 


and 


f P* 


-Pi 


= 6(20-2203 - 15) 


f 90 ) 

(f45l- 16 ) 

= 31-3218 lb. per sq. in. 


Let A be the sectional area of cylinder in square inches; then 
(A x 31-3218) x 600 = 50 X 33,000 ft-lb. per min. 


A = 


3,300 

31-3218 


= 105-36 sq. in. 


Diameter of cylinder = I- O^J^ = 11-58 in. 

a/ 0-7854 


Answer. 



158 


APPLIED THERMODYNAMICS 


A double-acting compressor at speed 100 r.p.m. gives 200 piston 
strokes per min., and the average piston speed = 500 ft. per min. 


piston stroke = 


500 

200 


2-5 ft. 


Answer. 


Example 5. A two-stage air compressor is to deliver air at 800 lb. per 
sq. in. pressure. The cylinders have the same stroke and the air is cooled to 
atmospheric temperature, 15° C., in the intercooler. Determine the ratio of 
the cylinder diameters so that the power required to drive the compressor 
shall be a minimum. Find the work required to compress and deliver a pound 
of air. Take atmospheric pressure as 151b. per sq. in. Assume adiabatic 
compression. ( U.L ., B.Sc. ( Eng.), 1924.) 


In a two-stage compressor, assuming that air enters the second 
cylinder at atmospheric temperature, as in Fig. 47, and neglecting 
friction, leakage, etc., the work done in compressing 1 lb. of air 
from Pi to p t lb. per sq. ft., by equation (5), p. 151, is 


It has been shown (p. 151), by differentiating and equating to 
zero, that the above expression for wdrk is a minimum when 

Pi = vjhpT, 

from which it follows, by equation (9), p. 152, that 



As air is at the samo temperature when admitted to tho high 
pressure cylinder as when admitted to the low pressure cylinder, 

then p x v x = p 2 v 2 , also p t = Vp x p % = Vl 5 x 800 = 109-544 


. v i __ Pt __ 109-544 _ 

. . — — f? — 

v 2 p x 15 

and the cylinders have same stroke. 


y - V^3 = 2-7 
»2 


= ratio of cylinder diameters. 


Answer. 


The work done to compress and deliver 1 lb. of air, by equation 
(9), as above, 


. n -1 1*4-1 

For air n = y = 1-4, and = ~ w ~ 

2-8 17800 V ' 7 1 

• • W ~ (Ti X 96 X 288 (l6/ “ 1 

= 193,536 [1-764875 -1] — 148,030 ft-lb. 


0-4 

2-8 


Answer. 
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Example 6. A single-stage air compressor displaces 1 cu. ft. per working 
stroke. The clearance is to be taken as 0-15 cu. ft. (this is excessive) for the 
purposes of this question. During the compression the index n can be taken 
as 1-3, and at the end of the delivery stroke the air in the clearance space is 
at a temperature of 100° C. The law of the expansion of the clearance air is 
n = 1*35. Find the actual volume of air, at atmospheric pressure and tem¬ 
perature, sucked in per stroke. Assume suction pressure 14*7 lb. per sq. in. 
and temperature of admitted air 14° C. Delivery pressure at 80 lb. per sq. in. 

( U.L., B.Sc. (Eng.), 1920.) 



Suppose the heat gained or lost to the cylinder walls is negligible, 
and the clearance air expands to 14*7 lb. per sq. in. before atmo¬ 
spheric air is freely admitted. 

To find the temperature and volume at end of expansion of 
clearance air, 



On Fig. 51, ad — piston displacement or stroke volume = 1 cu. ft. 
Weight of clearance air 

_ p 2 . v c __ 80 X 144 x 0 15 18 

_ _ 


R . T r 


96 x 373 


= 0 04826 lb. 


Let temperature of clearance air at end of expansion be T e (abs.) 


then 




1-5515 


T. = 


1-5515 


373 

1-5515 


= 240-4° C. (abs.). 


Again, 

let T a = temperature (°C. abs.) of air in cylinder at end of 
suction stroke, 

volume t>„ = 1-15 cu. ft., since piston displacement is one cu. ft. 
and pressure Pl = 14-7 lb. per sq. in. 


weight of air in cylinder 


Pl .v a 14-7x144x1-15 
R.T a 96 xT a 


25-358 

T a 


lb. 
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Neglecting work done daring suction stroke, T a is the resultant 
temperature obtained by mixing 
25-368 
T a 

with 0-04826 lb. of air at 240-4° C. (abs.). 


326 ^ 


0-04826 I lb. of air at 14° C. (287° C. abs.) 


• T = 

25-358 = 

• T = 

• • -* a 


( 25*358 \ 

-y- -0-04826) + 0 04826 X 240-4 

25-358 

T a 


7,277-6 

T 

x a 

7,277-6 

27-608 


-13-85 + 11-6 = 


7,277-6 

T 

J a 


= 263-6° C. (abs.). 


2-25 


Honco weight of air drawn into cylinder 
25-358 


263-6 


- 0-0482 - 0-Q962 - 0-0482 = 0-048 lb. 


and the volume of 0-048 lb. of air at 14-7 lb. per sq. in. and 14° C. 

0-048 x 96 X 287 . __ . 

=-- r .. — = 0-625 cu. ft. 

14-7 X 144 


= volume of free air sucked in per stroko at atmospheric 
pressure and temperature. Answer. 


To check this result, 
P„.l>a l ’ 3 = P»-n 13 


v a / 80 \ JL 

^ = (l4^) ,3 = 36811 


and 


3-6811 3-6811 0 ‘ 3124cuft - 

T b = 263-6 X 1-48 = 390° C. (abs.) 

/. weight of air in cylinder at b 

p b v b 80 X 144 x 0-3124 


RT h 


96 x 390 


= 0-096 lb. 


But the weight of clearance air = 0-048 lb. 

weight of air delivered = 0-096 - 0*048 = 0-048 lb. per cyclo, 

which is the weight of air sucked in per stroke, neglecting friction 
and leakage past the piston and at valvos. 
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Rotary Compressors. Rotary compressors may be classified into 
three types— 

(i) Positive displacement types as in the Rootes blower. 

(ii) Radial flow or centrifugal flow types (Turbo-compressor). 

(iii) Axial flow types. 

In the positive type the rate of air flow is dependent on the speed 
and is limited, while the pressure is more or less independent of the 
speed. The second and third types can be run at high speeds, and 



Fig. 52 . Two-stage Rotor of a Turbo-Compressor 


can therefore give high rates of flow, although the pressure and rate 
of flow are interdependent. The pressure can be increased by having 
more than one stage of compression. Single-stage machines giving 
a small pressure ratio are termed “blowers” and are used to supply 
blast air to furnaces, as boosters for gas flow, and for scavenging 
and supercharging internal combustion engines. They can also be 
used for exhausting. Multi-stage units are used for supplying air 
to pneumatic appliances, such as drills and coalcutters, and are also 
incorporated in gas turbine units. 

Fig. 52 shows a two-stage rotor of a turbo-compressor and Figs. 
53 and 54 are sections through one stage of a high pressure multi¬ 
stage unit. The three essential parts are A the rotor with impeller 
blades, B the diffuser guide blades, fitted in the annular space of 
the stationary casing surrounding the impeller disks, and C the 
fixed guide blades required to guide the air from the periphery of 
one stage to the eye of the impeller of the next stage. The arrows 
show the direction of flow of the air into' the eye of the impeller 
through the diffuser, and between the guide blades, so passing into 
the next stage. 

The action of the machine is as follows: tho impeller in rotating, 
produces a centrifugal head on the air within it, and thus creates a 
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flow of air outwards and an increase of pressure from the centre 
outwards. The fixed diffuser blades are so shaped as to give an 
increased area of passage to the air in passing outwards, thus 
reducing tho velocity and giving a further increase of pressure. 
This process is repeated in each stage. 

Cooling. In the piston-type compressor, the temperature at the 
end of compression is usually lower than that due to frictionless 
adiabatic compression by reason of the heat transfer to the water 



Reavkll Turbo-Compressor 


jackets, but in a rotary compressor, owing to skin friction in the 
blades and eddying in the air, the maximum temperature at the 
outlet of the diffuser blades may be above that for adiabatic com¬ 
pression for the same compression ratio. In any case it is not 
advisable to neglect this internal heating in the case of a rotary 
compressor, as was done with the reciprocating type. 

The casing of a turbo compressor may have a water jacket, and 
in addition intercoolers may be placed between each group of say 
three stages. In some cases of blowers and compressors of com¬ 
paratively moderate pressure ratios, such as those used in gas 
turbine plants, the machine is uncooled, except for any loss by 
radiation. 

The Uncooled Rotary Compressor (with internal friction). In terms 
of the original definition of adiabatic compression the uncooled 
compressor, through which air is passing at a high rate, may be 
assumed to fulfil the necessary condition of no heat transfer to or 
from exterior surroundings. Owing to internal friction and eddying 
of the air, however, a certain amount of mechanical energy is con¬ 
verted into heat energy, which will cause the specific volume of the 
air at any point during the compression to be greater than what it 
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would have been with frictionless adiabatic compression. To avoid 
misconception this latter is termed “isentropic” compression, while 
the actual compression may be termed “polytropic.” 

Owing to the internal heating, the p-v condition curve may be 
considered as being ah (Figs. 55 and 56), where the isentropic com¬ 
pression is represented by ab'. 

As heat has been generated in the air there will be an increase of 
entropy during the compression, and hence the two compression 



Fio. 55. p-v Diagram 



lines with corresponding lettering will be as shown in the two 
figures. 

The actual work done on the air may be obtained from the 
equation of steady flow (where all quantities are in the same units) 

K + PcVa + ^+ W = K » + M ^ + Q 


(sec p. 53). 

As the change in kinetic energy may be considered negligible and 
Q tlie heat transfer to or from exterior surroundings is zero, the 
equation becomes— 

IF = (p a v b - p a v a ) + (E b - E a ) 

= ( 2 W b -p a v a ) + C v (T b -r a ) 

= R(T b - T a ) + C v (T b - T a ) 

— C v {T b — T a ) heat units per lb. of air . . (13) 

if C v is in heat units. 

As T a — T c this work is represented by the area bcde (Fig. 56). 
The work done if the compression were isentropic is given by the 
equation 

W{ = C p (T b > — T a ) (seep. 131) 
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As T a — T c this work is represented by the area b'cdf (Fig. 56). 
The extra work due to friction, above the isentropic work is 

W e = Actual work — Isentropic work 

= C v (T b - T a ) - C v (T b > - T a ) = C v (T b - T b .) 
e= Area bede — Area b'cdf — Area bb'fe. 

This work may be considered as in two parts— 

(a) The heat generated by internal friction (area abef) 

(b) The increase of jv . dp (area abb'). 

It should be noted that the area abxy (Fig. 55) does not represent 
the actual work done on the air, as the area abb ' represents the increase 
of $v . dp only, above that for isentropic compression. The area 
abxy can, however, be considered as representing the useful work 
energy available in the air after compression. This useful or “poly- 
tropic” work is given by the equation— 

w v = (p b v b - p a v a ) = Ii (T b - T a ) 


y- 1 


l' 


C, <T t 


where the compression ab is assumed to follow the law pv n = con¬ 
stant, n being the polytropic index. 

Hence W v = Isentropic work + Increase of J* v.dp 

= Area b'cdf -|- Area abb' 

— Area abedfa 

There are two efficiencies to consider (a) the isentropic efficiency 
and (b) the polytropic efficiency. 

(a) Isentropic efficiency, e t — 

__ Work done if isentropic compression 
1 Actual work done on air 

_ C v (T h ’ - T a ) 

~ (J v (T h — T a ) 
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Bnt 

v- l 

t y — 1 p 

. €i = n ~ x - where r is the pressure ratio ~ . (14) 

r n — 1 ^ 1 

(6) Polytropic efficiency e p — 

_ Work done with polytropic compression 

v Actual work done on air 

jrh ■ 1L Y- c AT b -T a ) 

~ "C\(T b -T a j 


n — 1 ’ y 




(c) Relation between the efficiencies— 
From Eq. 15 

n — 1 y — 1 


Substituting in Eq. 14 

y - 1 

r v — 1 

Ei ~~ V-i 
r v*p — 1 

(d) Pressure ratio in terms of temperature— 

7) 

It is required to express the pressure ratio — in terms of the 

temperatures T a and T bi Figs. 55 and 56. For ideal isentropic 
compression 

TV y - i 


2V = (PiV 
T a \lhj 


(T b '~T n ) + T a (p, 
T. Ip, 




But the isentiopic compression efficiency is given by the 
expression 

_ ( 7 V “ 

‘ T b -T a 
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Hence from the last two equations 


or 


s t (T t -T a ) + T a /p 2 \ v — 1 

>« ~ U) y 

r _ n _ /£lA t + T a \y 

Pl \ Ta y~ 


where A T is the temperature difference due to compression. 

The Cooled Rotary Compressor (with internal friction). Let it be 
assumed that while internal friction may not be neglected, yet the 



cooling is sufficient to bring the actual compression curve ab" (Fig. 
57) below isentropic conditions. 

For this purpose we may combine the two cases already considered, 
namely cooled compression neglecting internal friction and uncooled 
compression with internal friction. 

The equation of steady flow for this case, neglecting any change 
in kinetic energy, becomes 

E a + Pa v a + W = E h * + Pb' v b 0 + Q 

where W is the work done on the air, and Q is the heat abstracted, 
all quantities being in the same units. 

Hence W ~ Q -f ( E b * — E a ) + (p 6 *ty — p a v a ) 

= Q + C m (T b — T a ) + R(T b -~ T a ) 

= Q + C v (T b *-T a ) 

Now Q is made up of the heat which would be extracted for 
cooling with no friction (area ab n gf) y and the extra heat to be 
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extracted due to internal friction (area abef). Thus the work W 
is equivalent to the areas in Fig. 57. 

ab"gf + abef + cb"gd — ab"cdf + abef 
The isentropic compression efficiency is represented by the areas 

_ Vcd f 

ab"cdf + abef 

The isothermal compression efficiency is represented by the areas 

aedf 

ab N cdf + abef 

A special case would be that in which the cooling were such as to 
keep the temperature constant during compression. The condition 
curve would then be ac (Fig. 57) and the actual work done would be 
represented by the areas aedf + abef. It should be noted that 
although in this case the compression is at constant temperature, 

the isothermal efficiency no ^ un ^y» as th ere is extra 

work equivalent to area abef necessary due to internal friction. 

To evaluate the various areas mentioned, we have 


Area aedf ~ RT a logs ~ 


b'cdf e== C v {T b ’ — T c ) «= C v (T b * — T a ) 
b'cdg = V 9 (T h . - T e ) =-= C,(T b . - T a ) 
r r b 

abef = I T . d<f> 

JT. 

C T b 

ab'gf ^ T . d(f> 

JT a 

To find the value of $T . d<f> between the temperatures T x and T 2 
for the law pv n — constant, we have 


dT 


. dp 


d<f) ~ C v ~ — R— (from Eq. 14, p. 128) 

j p 

But if pv n = constant, then — = ——=■ 

p n — 1 T 


and 


" dT 


n - 1 ‘ T 


J 'T, rT, n rT, 
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S ummar y and Example 7. To summarize the various forms of 
compression considered let the following figures refer to Fig. 57. 

p x = 15 lb. per sq. in. abs. p 2 — 60 lb. per sq. in. abs. 

T a = 520° F. T v = 866° F. Ty = 736° F. absolute 

a = 1-4 Gp 0*24 B.Th.U. per lb. per degree F. 

i? — 53*2 ft-lb. per lb. per degree F. 

As ab' (Fig. 57) represents isentropic compression 




520 x 


/60X- 


773° F. abs. 


Let the law for uncooled compression with friction ( ab , Fig. 57) 
be pv n — constant, 


T b _ /M*-- 

n U) 


806 /'- L 
—- ^ 4 n 

520 - 

n = 1*582 


whence 


Let the law for cooled compression with friction {ab") be pv m 
= constant, 


T a ‘ \Pi) 


whence m — 1*334 

We can now evaluate the areas under the curves ab and ab ". 

(a) The frictional heat represented by the area abef is given by 
the expression 




(860 - 520) 


- 18*75 B.Th.U. per lb. 

(6) The heat represented by the area ab"gf is given by 




(736 - 620) 


-717 B.Th.U. per lb. 
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This quantity is negative as there is a decrease in entropy. The 
necessary amount of work in the various cases may now be 
determined. 

(i) Isentropic compression, Path ab', area b'cdf 

W = C v (T b — T a ) 

= 0*24(773 - 520) 

- 60*72 B.Th.U. per lb. 

(ii) Isothermal frictionless compression, Path ac, area aedf 


W - RT, 




= X 520 X 2*3 log 10 4 
= 49*2 B.Th.U. per lb. 

(iii) Cooled frictionless compression, Path ab ", area ab"cdf 


^=Tl XF,-TJ. 

1*334 53*2 

««4 X 


(see p. 145) 


— 59 B.Th.U. per lb. 

(iv) Uncooled compression with friction, Path ab, area bede 
W — C p (T b — T a ) 

= 0*24(866 - 520) 

- 83*04 B.Th.U. per lb. 

The isentropic efficiency for this compression is given by the 

Work done if compression were isentropic 

expression - -- A —-~~ v -— 

Actual work done 


This efficiency is also given by Eq. 14, p. 165, 


y —1 04 

r v - 1 _ 4 1 4 — 1 

n- ^ 0-582 

r n _ J 41-582 __ l 


= 0*733 


(v) Cooled compression with friction, Patli ab ", area ab”gf + abef 
+ cb”gd . 


i>+r 


T.d<f> + C„(T b .-T a ) 


- 7-17 + 18-75 + 0-24(736-520) 
= 77-76 B.Th.U. per lb. 
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It should bo noted that although the numerical value of 

r*v 

I T . d<f> is negative, the numerical values of the three areas must 
JT a 

be added. 

The isentropic efficiency of this compression is given by 


Work done if compression were isentropic 
Actual work done 


60-72 

77-76 


0-781 


The Rotary Air Motor (Gas Turbine). In this machine we have the 
reversed action to the rotary compressor. Air or gas at the higher 



Fio. 58. p-v Diagram 


Fig.59. T-</> Diagram 


pressure, after passing through fixed guide blades, expands during 
the passage through the moving blade of the rotor to a lower pressure, 
work thus being done by the air on the rotor, the action being similar 
to that of the steam turbine. 

If we assume the same conditions as in the case of the uncooled 
compressor, then there will be no loss of heat by radiation or cooling, 
but internal heat will be generated due to friction, eddies, etc. Hence 
as in the case of the compressor, there will be an increase of specific 
volume of the air during expansion, and also an increase in entropy. 

These conditions are shown in Figs. 58 and 59 where the point c 
represents the state of the air on entry to the turbine, the point d' 
represents the state at exit for isentropic expansion, and the point 
d the actual state of exit. 

As work is now done by the air on the rotor, the equation of steady 
flow becomes 


E c + Pc v c + * 2 ^" — E d + p d v d + — + W + Q 
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and making the same assumptions as in the case of the uncooled 
compressor this reduces to an expression for the useful work 

W = p c v c - p d v d + C v (T e - T d ) 

= R(T e -T d ) + C v (T c -T d ) 

= C P (T c -T d ) 

As T d = T k this work is represented by the area ckon (Fig. 59). This 
is the actual work produced by the air on the rotor. 

If the expansion were isentropic the work obtained would be 

W i = C p (T c -T d .) = C v (T c -T t ) 

which is represented by the area clmn. This is obviously greater 
than the actual useful work obtained. 

The loss of useful work due to internal friction is therefore 

- W - C p (T c - 27) - C v (T c - T d ) 

= C p (T d -T d ') 

This is represented by the area dd'np — area klmo. 

The frictional heat is represented by the area under the expansion 
curve cd on the T-(f> diagram, namely cdpn. 

The increase of jv . dp due to friction is represented by the area 
cdd' on both the p-v and the T-(f> diagrams. 

The polytropic work W v is represented by the area ycdx on the 
p-v diagram (Fig. 58), and if the law of the curve cd is taken as 
pv n — constant, then 

w v = (p c v c - p d v d ) = ^ R (T c - T d ) 


There are two efficiencies to consider, (a) isentropic efficiency, and 
(b) polytropic efficiency. 

_ Actual useful work W 
€i Isentropic work IF,- 
= C p ( T c - T d ) 
l\(T c - T d >) 


But 
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nr\ 

where r is the pressure ratio ~ . 

(b) Polytropic efficiency, e p — 

Actual useful work __ W 
£p ~~ Polytropic work W v 
= C v (T c -T d ) 

R ^~T d ) 

But R =- C' y - :: - 

y 

n- 1 _ 1 

n n 

y y 

(c) Relation between the efficiencies— 

^ n— 1 y~ 1 

From Eq. 17, -= e v - - 

n y 

Substituting in Eq. 16 



( 16 ) 


(17) 


EXAMPLES V 

1. A motor is supplied with air at 4 atmospheres pressure and 60° F. The 

air is expanded adiabatically in the motor cylinder to atmospheric pressure, 
and then exhausted at this pressure, (a) What is the temperature of the 
exhaust ? (6) Calculate the work done per pound of air, and the mean 

effective pressure in the motor cylinder, (c) How many cubic feet per 
minute of the compressed air are required to give 1 I.H.P., and what is the 
corresponding volume of “ free air ” ? Take the specific heat of air at 
constant pressure and constant volume, 0*24 and 0-1716, respectively. 

2. A single-acting, single-stage air compressor is bolt-driven from an electro¬ 

motor at 400 r.p.m. The cylinder diameter is 6 in. and stroke 7 in. The 
air is compressed from 15 to 105 lb. per sq. in. (abs.), and the law of compres¬ 
sion pv x,% — constant. Find the horse-power of the motor, if transmission 
efficiency is 97 per cent and mechanical efficiency of the compressor 90 per 
cent. Neglect clearance effects. (Grad. Inst. C. E.) 

3. Air is drawn into a cylinder and compressed adiabatically to a pressure 
of 75 lb. above its original pressure (15 lb. per sq. in.), and is thon expelled at 
this pressure into a receiver; its original temperature was 60° F. In the 
receiver the compressed air cools down to its original temperature, and, in 
order to maintain a uniform pressure in the receiver, an equal weight of 
compressed air is constantly drawn off and expanded isothermally in a 
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working cylinder down to 151b. pressure. Calculate: (a) the work spent 
per pound of air in the compressor ; (b) the work done per pound of air in 
expanding ; (c) the temperature of tho air as it enters the receiver. 

(U.L., B.Sc. (Eng.).) 

4. Estimate the brake horse-power required to drive a single-stage air 
compressor which takes in 400 cu. ft. per min. at 151b. per sq. in. (abs.)* 
compresses to 120 lb. per sq. in., and delivers it into a receiver at the higher 
pressure. Tho law of compression curve is pv lmt * = constant, and the mech¬ 
anical efficiency of the compressor 88 per cent. Neglect losses due to clearance, 
cooling, and leakage. 

5. An air compressor draws in 260 cu. ft. of air per min. at atmospheric 
pressure, compresses it adiabatically in one stage to 10 atmospheres, and 
delivers it to a receiver at this higher pressuro. Calculate (a) the air horse¬ 
power, (b) the brake horse-power at tho compressor shaft when tho mechanical 
efficiency of the compressor is 86 per cent. Tako y = 1-4, and neglect all 
losses due to clearance, cooling, etc. 

6. A single-stage double-acting air compressor of 40 I.H.P., at 120 r.p.m., 
takes in air at 15 lb. per sq. in. and delivers it at 120 lb. persq. in. (abs.) ; tho 
index of compression curve is n — 1-35. Find the diameter of cylinder and 
length of stroke at the average piston speed of 600 ft. per min. Neglect 
clearance. 

7. A two-stage compressor, with perfect intercooler, takes in air at atmo¬ 
spheric pressure and 17° C., and, after adiabatic compression to 9 atmospheres, 
delivers tho air to a receiver at this pressure. Calculate (a) tho minimum 
work done, and (6) tho heat given to tho intercooler per pound of air com¬ 
pressed. What would bo (c) the least work done and heat given to the inter¬ 
coolers in a three-stage compressor working under the same conditions ? 
Tako C p — 0-24 for air. 

8. A two-stage air compressor for a Diesel engine is to deal with 200 cu. ft. 

of air per min. under atmospheric conditions at 250 r.p.m., and to deliver it 
at 1,000 lb. per sq. in. Assuming completo intercooling, determine the 
indicated horse-power and the cylinder diametors and stroke. Allow a piston 
speod of 500 ft. per min., assume pv l * — C during compression, and neglect 
clearance and wire-drawing losses. Take atmospheric conditions as 14-7 lb. 
por sq. in., and 15° C. ( U.L. , B.Sc. (Eng.).) 

9. A single-acting two-stage air compressor compressing air for a Diesel 
engino has piston diameters 4 in. and 1-5 in., and a stroke in each cylinder of 
3 in. Air is drawn into tho low pressure cylinder at atmospheric conditions 
of 14-7 lb. per sq. in. and 15° C., and is cooled in the intercooler to 15° C. 
From the high pressure cylinder it is dolivered into a storage bottle having a 
pressure of 600 lb. per sq. in. Neglecting clearance volumes, determine the 
pressure in the intercooler when the compressor is running steadily and the 
intercooler pressuro is steady, and find the horso-power used in compressing 
air at 350 r.p.m. Take index of compression curves, n — 1-35. 

( U.L.y B.Sc. (Eng.), 1923.) 

10. An air compressor working continuously compresses air adiabatically 
from atmospheric pressure and 288° C. abs. to a pressure at which the absolute 
tornperaturo is T 2 . Tho compressed air passes through a pipe without loss of 
pressure and is cooled to an absolute tomperature ; tho air then passes into 
the cylinder of an air-motor and expands adiabatically down to atmospheric 
pressuro. Prove, neglecting clearance in the two cylinders, that the ratio 
“work developed by air motor : work put into compressor*’ is given by 
T,IT t . 

If the higher pressure is 10 atmosphoros and T 8 is 473° C. abs., calculate 
the value of this ratio. 

(C v = 0-238, 0 9 = 0-169). 

(U.L.^B.Sc. (Eng.), 1933.) 



CHAPTER VI 

GAS FLOW AND MEASUREMENT 


Gas Flow through a Nozzle. Fig. 60 represents a convergent nozzle 
through which there is frictionless adiabatic (iscntropic) gas flow. 

Let p x — pressure at inlet in lb. per sq. ft. 

p b — back pressure beyond exit in lb. per sq. ft. 
a — cross-sectional area of nozzle in sq. ft. 
w = gas density in lb. per cu. ft. 

W = gas flow in lb. per sec. 
v = specific volume of gas in cu. ft. per lb. 

Let (1), (2) and (£) refer 1 6 sections shown in Fig. 60. 


» l 1 



i i i 


(/) (2) (t) 

Fig. 60. Nozzle 

If the pressure p b is only slightly lower than p v the flow W will be 
small, but increases as p b decreases, until a certain critical value of 
Ph is reached, beyond which no further decrease of p b will increase W. 
The pressure p t at the throat remains constant as p b decreases 
beyond the critical value. 

To investigate this phenomenon, consider the two sections (1) 
and (2). 

The equation of steady flow (p. 63), for one pound of gas 

77 2 I] 2 

H x = H 2 + + W + Q (all quantities in work units) 

becomes 

= H , - H t as W and Q are zero. . (1) 
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But from p. 55, the adiabatic heat drop 


»!-■»* = 


| v d p = (ptV 

y - 1 \ i»i®i/ 


(Pl V l~ PiV-t) 


PPh 1 


ten 


Therefore if is considered negligible compared to U 2 


1 2 g —n p.D, [l — / —i^l ft - P er 8ec - (2) 

V y — l 11 L W 


W = a 2 U 2 w 2 and 


Hence 


W — (l 2 ^ 2^1 


«2 V 

V y-lr. 


and «s = Hi = /Mi 

«>1 *>2 \ Pl / 

/M 1 „ 1 (P*\- TJ 

I — I y = — I — I y U 

\PiJ v l \p l J 


IF®") 


lb. per sq. ft. per sec. (4) 


The flow per unit area of nozzle — is obviously a maximum at 

the throat in plane (/), Fig. 60. 

Hence writing (t) instead of (2) in the last equation— 


must be a maximum. 


Differentiating and equating to zero — 

Y\PiJ Y W 

whence — = /— ~ —V- 1 • 


whence — = /—TtV -1 • 

Pi \y + 1 / 

Substiting this value of j in Eq. 2 


_ Ligy_ 

1 "Vy+1 


- / p l v l ft. per sec. 
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Substituting the value of ~ in Eq. 3 


W 

a t 


i 


I_L 


= J{y^ 1 H>. per sq. ft. per sec. (7) 

It is thus seen that provided the back pressure p b is less than or 
equal to the critical pressure p t as given in Eq. 5, the throat pressure 
I j | ' is a definite constant proportion of the initial 

J I I j pressure p v irrespective of the throat area. 

Under these conditions the llow IF is depen- 
i dent only on the initial conditions and the 

throat area. 

If p b is less than p t then any addition to the 
nozzle of a divergent portion as in Fig. 61 
will f not increase the llow. The divergent 
(g) portion will, however, increase the final 

Fia. oI." convergknt- ve,ocit y of the g aH at exit (C,), by changing 
divergent Nozzle the pressure to some value p t , lower than p t . 
W 

The values of U e and-j-in terms of p x and p e can be found bysub- 
A f 

stituting the suffix e for 2 in equations 2 and 4. 

On p. 88 it was shown that the adiabatic heat drop 

II x — II t ----- C V (T X — T 2 ) where C p and // arc in work units. 

Hence Eq. 1 gives— 

f/i 2 


! ! ! 

(2) (t) 


(O 


V —2g' 1 
or neglecting U x compared with U 2 

u 2 = • • 'J',) 

Hence 


W 

Ctn 


U.,w 2 


2>jC v (T 1 -T 2 ) . . 

Thus the discharge may be found in terms of temperatures. 


( 8 ) 


Example 1. Air is expanded in a suitably shaped nozzle from a preasuro of 
100 lb. per sq. in. abs. to 14*7 lb. per sq. in. abs., the initial temperature being 
200° F. Given that the critical pressure ratio for air is 0*527 when y = 1*4 
and that the area at the throat is 0*35 sq. in., find the weight of air passing 
through the nozzle per second. 

Assuming that there is no frictional loss before the throat, but that there 
is a 5 per cent frictional loss in the divergent part of the nozzle, find the 
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velocity and temperature of the air at exit. The velocity of approach to the 
nozzle inlet may bo negleotod. R = 53-3 ft-lb.° F. units. 

( U.L ., B.Sc. (Eng.) ), 1947. 


Let 1 refer to the initial conditions and t refer to the throat. 
Then C 


7 R = iTI x 53-3 = 187 fUb - P cr lb - P er ° F - 


and 

(a) 

Now 

and 

and 


y — 1 04 

T x = 660° F. abs 


T t = T x 


IF 


0-4 


660 X (0-527)ri = 550° F. abs. 


U, = \ / 2g(J v {T 1 - T t ) = 64-4 x 187(660 - 550) 

= 1,150 ft. per sec. 

ET t 

v t = - - 

Vt 

== 0-527 X 100 = 52-7 lb. per scp in. abs. 

53-3 X 550 


v t = 


W 


52-7 X 144 
a t U t _ 0-35 x 1,150 


3-86 cu. ft. per lb. 


144 x 3-80 


— — 0-725 lb. per sec. 


(b) Consider the expansion from throat to exit. 

Let T c — actual temperature at exit 

T el = temperature at exit if flow were frictionless 


Then r l\ 


T, (& p' = 560 (^) 


14-7\ 0 ' 4 

l Fi = 382° F. abs. 


and 


Frictionless heat drop — C v (T t - Tel) 

Actual heat drop — Q {)5( 1 p (T i — T el ) 

■tm 0-95 X 187(550 - 382) 

= 29,800 ft-lb. per lb. per ° F. 
V e = VM ; 4x' 29,800 ' + 77,* 

= V 6 4 ; 4 x~ 29,800+7(1 50- 
== 1,800 ft. per second. 

(c) T t ~ T„ — 0-95(7' t — T el ) 

i-e. T r - T t ~ 0-95(7’, - T n ) 

= 550 - 0-05(550 - 382) 

= 300° F. abs. = - 70° F. 
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General Flow Formula for Gases (U x not negligible). Let the same 
symbols and Fig. 61 as in the previous paragraph be used, and let 

pt. A Ay 

= r and —*•= x. 

Then from Eq. 1 in the previous paragraph 


U.?- us 


~ ( J ~—r 


[-OT 




y - 1 w i L J 


But for continuity of flow 

W = a 1 U 1 iv 1 — a 2 U 2 w 2 

TT a 2 w 2 rT a 2 {p 2 \~ - 

Substituting in Eq. 9 * 


(9) 


i.e. 


But 



In practice the right-hand side of this equation must be multiplied 
by a coefficient of discharge C d which is determined by experiment. 
The equation can then also be used for flow through a sharp edged 
orifice where r is the pressure ratio through the orifice, and a 2 is the 
area of the orifice, and a x the area of the pipe. 
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It is evident from Eq. 11 that for maximum discharge conditions 
/ >LzJ\ ? 

I 1 — r y 1 ry 

the expression — - 0 — must be a maximum. 


1 — x 2 rv 


Therefore differentiating and equating to zero 
2 v + 1 

T+I-2“ l ) 


If it is assumed tfiat a 2 is small compared to a v that is that x is 
negligible, then 

2 _y4 1 / 2 \, y -T 


Tliis is the same result as that found in the last paragraph. 

It has been shown in the previous paragraph that the simple flow 
formula can be expressed in terms of temperature. This can also be 
done in the more detailed formula given above. 


U 2 2 - U x 2 


H l ~ H 2 = C v (T l — To) 


and C/ 2 2 




-2 


TT (i\ - 7',) , f 

U 2 =- v 2 ft- P er «'C. 

\] 1 — X 2 )'y 

W -- UL>(lolJ» 


= «*•* 2f £’ {Tl lb. per sec. (12) 

Ay 1 - a; 2 ry 


Sonic Velocity. Equation 7 may bo written 


If = a,<jy 


2 \L±i 
m P' -1 




To investigate the velocity at the throat, we must put all the 
pertinent terms in terms applicable to the throat. 


Thus V\U\ = v t w t X — 

^ 1 * p t w t 


v = 


7—(T.5434) 
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Substituting the throat value of — from Eq. 5 


y + n ^4 


[7y + lW/l^+J /y +1\- 

Piu>i = Pt w t I—2~I’" 1 y =pmr-2~\ Y 

Substituting this value of p 1 io 1 in Eq. 13 

ir = a j 9 v (ff i)^ {thy ^ p ‘ w ‘ 

= «tVV y PtWt = a t w t Ig y ^ . . . 


The expression g y P -‘- is the velocity of sound ( U„) in the gas 

where p t is in lb. per sq. ft. and w t is in lb. per cu. ft. 

Hence W — a t iv t U 8 and the velocity at the throat is the sonic 
velocity for conditions at the throat, provided the back pressure p b 
is not greater than the exit pressure p e from the nozzle. 

Equation 14 may be written 

W — a t w t \/;(j y RT t 

Substituting the values for air as y = 1*4 and R = 53-3 or 96 
W = 49 a l w t \/'F t lb. per sec. for degrees F. 

or 65*8 a t w t \/T t lb. per sec. for degrees C. . (15) 

From the foregoing we can obtain an expression for the velocity 
at the throat, in terms of the velocity at any other point in the nozzle, 
as follows. 

The Bernoulli theorem for compressible flow states that for all 
sections along the nozzle 

L —j I ( !L constant 

2 (j J w 


But for isentropic flow pv y = — — constant A r , say. 




1 r-l 
K y p y 


+ constant 


pv 

— .p Y 

w 


constant 


1 constant 
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Henco the Bernoulli equation may be written 

U 2 y p 
—p —'— — — constant 
2 g y — 1 w 

Now the sonic velocity U 8 at any point is given by the expression 

Ug 2 = g y — and hence — — 

w w g y 

Hence the Bernoulli equation becomes 

U 2 , U 2 , 4 

T- H—;-r- — constant 

*9 u(y- 1) 

where U 8 is the sonic velocity at the place where the actual velocity 
is U. Thus comparing the conditions at any one point with the 
conditions at the throat and using the suffix t for the throat, we have 

U 2 , U st 2 U 2 , U 2 

tg + g(y- 1) _ %g "* g(y~ l) 

It has, however, been shown that the actual velocity at the throat 
is the sonic velocity for the throat conditions, i.e. U t = U si . 

Hence 

= ui( y.±i\ _ yi , u " 

2jf \ r y - 1 j 2g \y - 1 j " 2gr g(y - 1) 

But U* = *&~y gRT 

w 


where T is the absolute temperature where the velocity is U. 
Uf /y ± H £/_* ygRT 
2 g \r — 1 / 2*7 ' g(y — i) 

and U t 2 = U 2 + RT . 

y + 1 y + 1 

To find the temperature at the throat we have 

U 2 = U st 2 - y gRT t and U s 2 = y gRT 


Hence 



To find w t we have for isentropic flow 


Wj 

w 


T t \—i 


(*) 


l and w t = w 



(16) 


(17) 


Example 2. Air flows through a convergent-divergent nozzle. At some 
point (a) at the upstream end of the convergent part the pressure is 2 lb. per 
sq. in. gauge, and the temperature is 20° C., the sectional area being one 
square foot. 
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A manometer containing water connects this point (a) to another point (2) 
downstream but before the throat, the area at the point (2) being one-half 
square foot. This manometer shows a difference of pressure head of six feet 
of water. 

The atmospheric pressure is 14 lb. por sq. in. abs., and it can bo assumod 
that y — 1-4, and that the density of air is 0-0807 lb. per cu. ft. at N.T.P. 
The coefficient of discharge of the nozzle is 0-98. 

Find (a) The air flow in lb. per minute. 

( b ) The area of the throat to givo this discharge. 

(c) The maximum back pressure p b if the exit area a 6 at the divergent 

end is one-half square foot. 


(a) From Eq. 11 


W — C d X 00 X a.. 


2 'J y~zr i P* w « ( 


V- 1 \ 2 

1 — r y rv 


1 — x 2 rv 


lb. por min. (18) 


where p a — (14-7 + 2)144 — 2,400 lb. per sq. ft. 
== 16-7 lb. per sq. in. 

6 X 62-4 

p 2 = lo-/-— = 14*1 lb. per sq. in. 


== 2,030 lb. per sq. ft. 


r 


141 

16-7 


= 0-845 


2 1-43 

rv = 0-845 = 0-786 


y - 1 0-286 

r y — 0-845 — 0-053 



16-7 273 

0-0807 X X 20^ = 00855 lb - l )cr cu - ft - 


then W — 0-98 X 60 X 0-5 x 


J 


64-4 x 


1-4 2,400 x 0 0855 


0-4 1 - 0-25 X 0-786 

= 1,355 lb. per min. 

Or alternatively from Eq. 12 


(1 - 0-953)0-786 


W = C d X 60 X w 2 a 5 


2^--^) lbperm . n (lfl) 

1 — x 2 ry 


Y- 1 

T 2 — T a r y = 293 x 0-953 = 279-3° C. abs. 


where 
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w 2 — 0-0807 X X — 0-0758 lb. per cu. ft. 

T a - T 2 - 293 - 279-3 = 13-7° C. 

C p - R = tti X 96 = 330 ft-lb. per lb. per ° C. 
v y — 1 0-4 1 1 

then 


IK rn 0-98 x GO X 0-0758 X 0-5 


= 1,355 lb. per min. 


04-4 x 330 x 13-7 
1 - 0-25 x 0-780 


(b) Let the suffixes a and t refer to conditions at the section a 
and the throat respectively. 


1,355 


1 


W 1 

Then U - _v __ = . v 

tt 0-98 X GO w a n a 0-98 x 00 0-0855 X 1 

-- 270 ft. per sec. 

From Kq. 10 


_ h- 1 n * , 2 r.'/ 

' V y + 1 a ( y + I 

X' 


RT n 


0-4- fc > v 1*4. 

x x 270 2 -I- . . - X 96 X 293 

2*4 2-4 

— \/V ,009,150 =- 1,034 ft. per sec. 

Now UJ = y gRT a = 1-4 x 32-2 X 90 X 293 - 1,209,000 
Hence from Eq. 17 






Also 


Wf = - w, 


XX— (w)« 


= 0-0550 lb. per cu. ft. 
Hence the throat area 

1,335 


a 


W 1 

X 


X 


1 


1 C d X 00 ~ U t w t 0-98 X 00 '' 1,034 x 0-0550 
= 0-401 sq. ft. 
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(c) Using the suffix e for the exit conditions in Eq. 18 we obtain 


_ W 

60 X C>, 


1,355 

60 X 0-98 X 0-5 


Y( i- 1 \ 

fi-r) \2 <jyP a U' a J 
) (o44 X 1-4 x 


2 y + 1 

rv— r y 
^ . 

1 - x 2 ry 


0-4 

X 1G-7 X 144 X 0 


•0855) 


1*428 1*1714 

r — r 

1*428 

1 — 0*25 X r 
whence r = 0-245 

and the pressure at the exit to nozzle $*= p c ~ 0-245 p a 
— 0-245 X 16-7 = 4-09 lb. per sq. in. abs. 

The back pressure outside the exit of nozzle must therefore not 
exceed this pressure. 

To check this result we can use Eq. 19 


i.e. W = C d X 60 X v\a ( 


where r — 0-245 


'2g(\(i\~- T r ) 

o 

1 — X L ry 


y - 1 0*236 

T e T a r~ 293 X 0-245 - 196° C. abs. 


(T \ 1 

= 0-0855 


n>o\ 2 5 


0-0313 lb. per cu. ft. 


a c = 0-5 sq. ft. x = - ^ —- < 
C v - 336 ft-lb. per lb. per ° C. 


W ** 0-98 x 60 x 0-0313 x 0-5 x 


64*4 X 336 X (293 - 196) 

1*428 

1 - 0-25 x 0-245 


“ 1,356 lb. per min. 

Practical Measurement of Gas Flow. A more simple formula than 
those already given may be obtained from a consideration of the 
Bernoulli Theorem for non-compressible fluid flow between two 
sections (1) and (2) in a nozzle or between a section (1) in a pipe, 
and a section (2) at an orifice plate in a pipe. 
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nr) 

Thus if h = ~ is the pressure head in feet of the gas being 
measured, and ignoring changes of datum energy then 


TJ 2 


and 


U 0 


US 


.El + h 

2 g +K 

: \ - h 2 - 


where h is the difference of pressure head between the two sections 
measured in feet of the gas concerned. 

If it is assumed that the change in pressure of the gas between 
the two sections has no effect on the density of the gas, that is that 
w 2 ~ u\ and hence U 2 a 2 — U x a v 


then 


and 


vs 


u 


= = 2 gh 

ft. per sec. 

V f x l 


If U l is negligible compared witli U 2 

then U 2 = a/ 2f//i and Q — a 2 U 2 — a 2 \/2'/A cu. ft. ])er sec. 

This volume Q may be considered as under the temperature and 
pressure conditions of either section, for as the density of the gas 

is considered constant then ~ = 

^ i * 2 


Volumes of air are, however, often expressed in terms of cubic feet 
of “free air/’ and volumes of a gas in terms of “standard cubic feet.” 
The standard pressure p s is taken as 14-7 lb. per sq. in. abs. and the 
standard temperature t s as 32° F. or 60° F. 

Thus Q = a.,\/2gh x } ~ l X ~ s . 

Ps ^ 1 


” (l . 



standard cu. ft. per sec. 


But 



Q 


-zj 


2 gh wit 


Hi 


standard cu. ft. per sec. 


It is often convenient to measure the upstream pressure p x in 
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inches of mercury h„ above atmospheric pressure, and the difference 
of pressure head h in inches of water h w . 

Hence as 1 inch mercury = 0-49 lb. per sq. in. 

p x = 0-49 X 144(^ 0 + barometer) 

= 10-5(h g + barometer) lb. per sq. ft. 

and p s — 70-5 X 30 lb. per sq. ft. 

Also if iv w — density of water and w -- density of gas, 


then h w inches of water 


^ ft. of gas 

w 12 b 


52-4 K 
12 ' w 


XV 


ft. of gas 


Hence 

« " “'fj 2 ' jhwR V[ 


— a 


T 

2 70*5 x 


'30 J i] 


64-4 X 5-2— x wR ( / V+ ,,ar :) x 70-5 
w 1\ 


standard cu. ft. per sec. 

Substituting 53-2 ft-lb. per lb. per ° F. for R and multiplying by 
60, this expression becomes 


Q 


954 A-<A«_±2» r -> 

2 30V T, 


standard cu. ft. per min. 


the temperatures being in degrees F. 

It must be remembered that this equation is only even approxi¬ 
mately true if the pressure difference between the sections is small, 
so that the gas density may be assumed constant. In addition the 
expression should be multiplied by a coefficient of discharge C d to 
correct for friction effects. In addition to this, for accurate work, 
corrections must be made for pipe size, viscosity effects, change of 
air density, moisture in air, etc. 

Much pioneer work in this direction was carried out by Mr. John 
L. Hodgson.* He found that using one general theoretical formula, 
it was possible in the case of any one fluid, to determine experi¬ 
mentally the values of the discharge coefficient for various values of 

7 ) 

the pressure ratio —. A typical nozzle and orifice as used by him are 
shown in Figs. 62 and 63. 

* See “ The Commercial Metering of Air, Steam, and Gas,” Proc. Inst. C. E. t 
Vol. 204 (1918), pp. 108-193 ; also “The Orifice as a Basis of Flow Measure¬ 
ment,” Proc. Inst. C. E. t 1926. 
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The flow of a fluid through an orifice depends on its viscosity, 
fiy density, w, and compressibility or adiabatic elasticity. If jx is 
the coefficient of viscosity in C.G.S. units, the kinematic viscosity 



The values of the viscosity of dry air at various temperatures in 
Table IV are multiplied by 10 Q to reduce the number of figures. 

Thus fx = 0 00001172 = 11-7 X 10 6 . 

Suppose that gaseous or liquid flow through an orifice depends 
only upon the viscosity /x, the density p, the average velocity U at 



the orifice, and the diameter d 2 of the orifice, then the flow con¬ 
ditions are similar for the same values of Ud^pj/x or Ud 2 w/fx. This 
criterion of flow is known as tho 44 Reynolds’ criterion ” for viscous 
flow. Mr. Hodgson adopted a coefficient of discharge 12a. 

If AG/Trd 2 is substituted for Ud^p the flow criterion becomes 
G/d 2 p, where G is the discharge in grammes per second. Mr. 
Hodgson* has shown the relation between Ha and G/d^ by plotting 
Ha against V G fd^jx, for values of the latter from 0 to 300 and 600, 
also with values of the ratio d 2 jd l from 0-421 to 0-843, and at 
pressures of 1 to 4 atmospheres, giving the deviations of tho 44 air 
curve ” and 44 liquid curve ” from tho limiting value Ha = 0-600. 
Ho has shown by actual measurement that when the value of 
Vajdji is greater than 200 C.G.S. units the flow is turbulent, 
viscosity and compressibility effects are negligibly small, and the 

TABLE IV 


Values of Viscosity, //, for Dry Air 


Temperature, F. 

40° 

00° 

70° 

80° 

120° 

o 

O 

o 

O 

Viscosity, /i x 10® 

British Engineers’ Units 

11-72 

12-09 

12-27 

12-4C 

13-19 

13-56 

15-36 


* I'roc. Inst. Mech. K. y No. 4 (1925) p. 885. 
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discharge through an orifice is proportional to tho square root of 
the difference of pressure across it. Tho values of usually 

employed in air, steam, and water motoring lie between 200 and 
3,000 C.G.S. units, well above the viscous stage, while the ratio 
PtlPi is between 1*0 and 0-98. 

Usually, in tho case of air, tho kinematic viscosity, fijm, is so 
small, and the velocity so high, that corresponding velocities for 
similar orifices occur at the same value of the expansion ratio p^jpu 


1 

1. 



I 

t 

1 

— Q_i >•- 
! ‘ 

< 45 * ) 

j 

Y//Z//Z, V. ' . 


■.HI 

\ - f 

LI 


Fio. 63. Square-edged Circular Orifice 


rather than at the same values of Reynolds’ criterion, Q/d^i ; and, 
provided that the value of this criterion is greater than 200,000 
British Engineers’ units, or V Gjd^x is greater than 200 C.G.S. 
units, then the viscosity effects are negligible. Whereas, when 
orifices or nozzles are used for the measurement of such relatively 
viscous fluids as water, the corresponding velocities would occur 
at the identical value of Reynolds’ criterion. 

In the measurement of air flow under ordinary conditions, through 
an orifice or nozzle of smooth surface, the variations of tho discharge 
coefficient are unaffected by both elasticity and viscosity. 

Since this original work was carried out by Mr. Hodgson, consider¬ 
able standardization has taken place, as exemplified in the British 
Standard Code for Flow Measurement* 

Two of the general formulae used arc as follows— 

W = 359-1 CZI’Jd 2 \/h^/vj lb. per hour 

Q = 7,859 CZEd 2 \/h X N standard cu. ft. per hour 
where 

C is a coefficient of discharge 

Z is a combined correction factor for viscosity, size of pipe and 
expansion 

E is the velocity of approach factor - — 

V 1 — x 2 

* “Flow Measurement,” B.S. 1942-1943, published by tho British Standards 
Institution. 
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N is the correction for water vapour in the gas 
h is the differential pressure in inches of water at 60° F. 
w is the density of the fluid in lb. per cu. ft. at the high pressure 
tapping 

d is the diameter of the orifice or throat of nozzle in inches 
p a is the absolute pressure in lb. per sq. in., measured at the high 
pressure tapping 

T is the absolute temperature in degrees F. at the high pressure 
tapping 

<5 is the specific gravity of the dry gas relative to dry air 
For details of these corrections the student is referred to the 
publication concerned, which also includes details of standard 
orifices, nozzles and venturi tubes. 

Correction Factor for Moisture in Gas in the Flow Equation. This 
is an application of the subject matter of the paragraph on partially 
wet air on p. 103. 

Let p m = pressure of wet gas (i.c. of mixture) 

Pa ~~ partial pressure of dry gas 
p w = partial pressure of vapour 
s = density of dry gas relative to air 
v sm > v sa and v sw — specific volume of wet gas at p m , of dry gas 
at p a , and °f vapour at p w respectively 
v mol — molecular volume 
in = molecular weight 

W m , W a , and W w ----- actual weights of wet gas, dry gas, and 
vapour respectively. 

Generally, it may be assumed that the air is not saturated with 
vapour and hence the vapour is superheated. Hence from p. 103, 

v n , 2,7797 T 

V — 2.119T, hence specific volume — ——— 

1 ™ 01 1 ' 771 7)ip 

* ^ W(l P a ^ 2H ' [)ryS Pa ^ S Pa 

v sa ~ m w p w 18 p w 0-622 p w 

As both the dry gas and the superheated vapour occupy the same 
volume under their respective partial pressures then 

11 a _ I'stv __ Pa 

WZ " ^ = 0-622 

Weight of dry gas W a sp a 

Weight of wet gas W w | W a sp a + 0-622 p w 

«(Pm ~ , 

s (Pm Pw) 0*622 p w 


(a) 
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To find the ratio of the densities of wet gas to dry gas we have 
Actual volume of wet gas V — W m v sm at pressure p m . (b) 

Actual volume of dry gas = V at pressure p a = p m — p w 

J/ij) — \ 

Actual volume of dry gas at pressure p m =-—-~ - 

Pm 

V - = W a v 8 where v 8 — sp. vol. of dry gas at p rn (c) 

Pm 


From Eqs. (b) and (c), W a v s X--— = lF r / sm 

Pm Pw 

Hence ^ ens ^7 wet 8 as 

Density of dry gas at p m 

= = w m P, n — p w 

V am w a p m 


s iPm ~ Pw) +_ 0-622 /) k , ^ p m — p w 
S(Pm — Pw) Pm 

»(Pm - Pw) -I- 0-022 p„ 

SPm 


From Eq. (a) 


(d) 


The water vapour affects the flow by 

(a) the gas measured being only part of the mixture passing; 

(b) the density of the moist gas being different from that of the 
dry gas. 


The correction for (a) is proportional to the weight of gas passing; 
for (6) is proportional to the square root of the density of the 
mixture. 

Thus from equations (a) and (d) the correction factor is— 


_ *S.Vrn-P W ) _ R Pm ~ p„) I- 0 ()22 Vn , 

s{p m - Pw) + 0-622 p w J s Vm 



rn Pw 
0*022 \p m p w 

*(Pm ~ Pw) 


Measurement of Output of Air Compressors. Figs. (>4, (55, and (5(5 
show the general arrangements for measuring the air output from 
an air compressor by means of an orifice or a nozzle. The compressor 
delivers air into a receiver or receivers of sufficient capacity to damp 
down the pulsations caused by a reciprocating compressor. 

For rotary compressors which give a continuous flow, the necessary 
capacity can be small, if not dispensed with. The air from the 
receiver is expanded by the valve down to nearly atmospheric 
pressure (Figs. 64 and 66). A modification as to the position of the 
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valve is shown in Fig. 65. The air passes along a straight length of 
pipe containing the orifice or nozzle. In the first arrangement, a 
perforated plate is situated on the downstream side of the valve to 

MEASURING ORIHCE 



CURVED TUBE 
MANOMETER 


Fro. 04. Measurement of Air-Compressor Discharge 



Fig. 65. Measurement of Compressed Air 


MERCURY- COLUMN 



Fig. 67. Curved Tube 
Manometer 


straighten out the flow. A slight pressure difference will be set up 
between the two sides of the orifice, which difference is measured 
by some suitable form of manometer. This can be a U-gauge as in 
Fig. 65, or a curved tube manometer as in Fig. 67. The advantage 
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of the latter is that it gives an equally spaced flow scale down to 
small fractions of full flow. This pressure difference furnishes the 
means of determining the volume of air delivered as already dealt 
with in this chapter. As a result of experiment, certain standard 
conditions are laid down to ensure uniformity. * 

It is necessary to ensure that any moisture in the air does not 
condense in the pressure piping leading to the manometer. For this 
reason the pressure pipes should be taken out at the top side of the 
air main. They should be of sufficient diameter to prevent water 
hanging in them at bends. There should be no U-bends where water 
can collect. When using U-tubes for measuring pressure, care should 
be taken that the bore of the tube is sufliciently large to eliminate 
surface tension effects at the water surfaces. With a manometer of 
^ in. bore, this error may be 0*2 in. of mercury. With a bore of 
0*3 in., the error can be 0*2 in. of water. The gauge tubes for water 
should not be less than | in. internal diameter. 

* British Standard Specification, No. 726-1937, “Measurement of Air Flow 
and the Froe Air Delivered by Compressors.’’ 



CHAPTER VII 

COMBUSTION OF FUELS 

The fundamental law of chemical combination is that all compounds 
arc constant in composition ; in other words, the molecule of any 
substance has always the same atoms similarly combined. Every 
molecule of water always consists of 1 atom of oxygen combined 
with 2 atoms of hydrogen, and is therefore represented by the 
symbol H 2 0. These letters tell us the weight of the substance. H a O 
means 18 parts by weight of the compound water, or steam, con¬ 
taining 2 parts by weight of hydrogen, and 16 parts by weight of 
oxygen. The molecular weight of a compound is the sum of the 
atomic weights of its constituents. 

The following table gives in round numbers, the atomic or com¬ 
bining weights, and the molecular weights of the substances— 


Symbol of Substance 

H, 

o 2 

N, 

C 

Combining Weight . 

1 

16 

14 

12 

Molecular Woight 

2 

3 2 

28 

— 


Thus C0 2 moans 12 + 2 X 16, that is, 44 parts by weight of 
carbon dioxide. CO represents 28 parts by weight of carbon 
monoxide ; and CH 4 , 16 parts by weight of methane or marsh gas. 

All chemical changes take place between fixed definite pro¬ 
portions by weight of substances. 

When an electric current is passed through water containing a 
little sulphuric acid to conduct the current, bubbles of gas are 
formed at the two platinum plates immersed in the liquid and 
connected to a battery or other generator of electric current. 
After making allowance for solubility of the gases and secondary 
chemical changes, and collecting the gases separately, exactly two 
volumes of hydrogen are given off at the platinum plate by which 
the electric current leaves the water, for every volume of oxygen 
collected at the other plate by which the current enters. The 
weights of the hydrogen and oxygen so set free by electrolysis are 
always in the fixed proportion of 1 to 8, and their sum is equal to 
the weight of liquid decomposed. The gases hydrogen and oxygen 
are entirely different in properties from each other and from water. 
The fact that distilled water is always composed of these two gases 
combined in this proportion may be verified by mixing two volumes 
of hydrogen gas with one volume of oxygen above mercury in a 
glass tube surrounded by a steam jacket. Passing an electric spark 
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through the mixture causes an explosion ; the gases combine, giving 
out a great amount of heat, whilst steam or water vapour is formed. 
This steam, on being reduced to the original pressure and tem¬ 
perature, occupies two volumes, and is exactly the same weight as 
the hydrogen and oxygen combined. Moreover, the heat evolved 
in the combination is equivalent to the electrical energy spent in the 
electrolysis of water. 

The combination of hydrogen and oxygen to form water is 
represented by the equation 

2H 2 + 0 2 = 2H 2 0 + heat evolved 

and means that two molecules of hydrogen unite with one molecule 
of oxygen to form two molecules of water or steam, and heat is 
generated. Thus 4 parts by weight of hydrogen combine with 32 
parts by weight of oxygen and form 36 parts by weight of steam ; 
or, in the same proportion, 1 lb. of hydrogen unites with Sib. of 
oxygen to form 9 lb. of steam. 

Again, the molecular volumes of all perfect gases are equal, and 
Avogadro’s law states that equal volumes of different gases, under 
the same conditions of temperature and pressure, contain the same 
number of molecules. Therefore the weight of unit volume, that is 
the density, is proportional to the molecular weight. Taking 
hydrogen as unit weight, the law holds that the density of every 
perfectly gaseous compound is half its molecular weight. The 
density of hydrogen at 0 ° C. and 14-7 lb. per sq. in. is nearly equal 
to 0-00559 lb. per cu. ft. 

Hence the weight of a gas in pounds per cubic foot, at standard 
pressure and temperature, is equal to half its molecular weight 
multiplied by 0-00559. For instance, 1 cu. ft. of methane (CH 4 ), 
at 0 ° C. and 14-7 lb. per sq. in., weighs 

12 X 0 00559 = 0 0447 lb. 

The equation agrees with experiment, which also shows that 
2 volumes of hydrogen burned with 1 volume of oxygen yield 2 
volumes of water vapour at the same temperature and pressure, so 
that, for complete combustion, 1 cu ft. of hydrogen requires \ cu. ft. 
of oxygen to form 1 cu. ft. of water vapour. 

Again, when solid carbon bums to carbon dioxide, the equation 
C + 0 2 = C0 2 shows that 12 parts by weight of carbon combine 
with 32 parts by weight of oxygen to form, by complete combustion, 
1 molecule or 44 parts by weight of carbon dioxide. Reducing the 
combining weights in the same proportion, it follows that 1 lb. of 
carbon requires 2§ lb. of oxygen to form 3§ lb. of carbon dioxide. 

Under certain conditions, carbon will combine with oxygen to 
form carbon monoxide (CO). The combustion equation is then 

2C + 0 2 = 2 CO 
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Thus 24 parts by weight of carbon combine with 32 parts by weight 
of oxygen to produce 56 parts by weight of carbon monoxide. It 
follows that 1 lb. of carbon requires 1J lb. of oxygen to produce 
2 ^ lb. of carbon monoxide. 

The oxygen required for the combustion of fuel is supplied by the 
air. For the purpose of calculation, atmospheric air, when pure 
and dry, may be taken as a mixture of 



Per Cent 

Per Cont 


by Weight 

by Volume 

Oxygen. 

1 23-1 

20*9 

Nitrogen .... 

j 76-9 

791 


There is always water vapour in the air, which helps to start the 
chemical action, and part of the heat of combustion evaporates the 
moisture. 

Experiment shows that an inert gas like nitrogen retards com¬ 
bustion, not only by taking up heat, thereby lowering the tem¬ 
perature of combustion and reducing the velocity of the gaseous 
molecules, but also by preventing contact between the molecules 
of the combustible gases with oxygen. Hence an oxcess of air, 
usually at least 1*5 times the theoretical quantity required, is 
drawn through the boiler furnace, because the oxygen in the air 
supply does not get so intimately into contact with the combustible 
in tho lumps of solid fuel, in order to burn the coal perfectly on the 
fire-grate, as it does with finely divided coal or liquid fuel when 
sprayed. 

One lb. of oxygen is contained in = 4*33 lb. of air, therefore, 

Zo'i 

to find the theoretical weight of air supply for the complete com¬ 
bustion of 1 lb. of a fuel, the necessary weight of oxygen is multiplied 
by 4*33. The volume of air may then be obtained, since 1 lb. of 
dry air occupies 13-09 cu. ft. at 15° C. and 14-7 lb. per sq. in. 

Table V shows the theoretical minimum weight of oxygen or air 
required to burn 1 lb. and 1 cu. ft. of each combustible separately. 

Example 1 . The analysis by weight of petroleum is 86 per cent of car±>og_ 
arid 14 per cent of hydrogen ; calculate the quantity of air required for the 
complete combustion of lib. of this oil fuel. 

Given 1 lb. of the oil consists of 0-86 lb. of carbon, and 0*14 lb. 
of hydrogen, from Table V, the minimum weight of air required is 

0*86 X 11-54 + 0-14 x 34-63 = 9-92 + 4-85 = 14-77 lb. 

If the air is at 15° C. and atmospheric pressure, its volume will be 
14-77 X 13-09, or 193 cu. ft. 

Quantity of Air Required for the Complete Combustion of Gaseous 
Fuel. In the case of gaseous fuel the volume of oxygen required 
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for its complete combustion is calculated from the chemical equa¬ 
tions, and the cubic feet of oxygen multiplied by — 4-786 gives 
the cubic feet of air necessary. y 


TABLE V 

Calorific Values of Substances and Oxygen Required 
for Complete Combustion 


Substance 

1 lb. 

Products Calorific £ U 

formed Values nff+v 

Calorific Values of Gas 

requires: 

with C.H.U. gen re- 

Oxygen per lb. quired 

C.H.U. per 
cu ft. burned 

Kil-cal. per 
cu. metre 


Oxygen Air 
lb. lb. 

W lb ter Sb 2 ulgher 

T cu.ft. 1 

Lower burned 

Higher Lower 

Higher Lower 

Hydrogen H a 

8 34-63 

9 34,500 

29,000 i 

191 162 

3,055 2,555 

Carbon C 

2} 11-54 

3f 8,080 

8,015 



Carbon Mon¬ 






oxide CO 

$ 2-47 

1^ 2,420 

2,392 i 

190 188 

3,040 3,012 

Marsh Gas 






(Methane)CH 4 
Olefiant Gas 

4 17-3 

21 24 13,100 

11,650 2 

591 529 

9,470 8,464 

(Ethylene) 






C.H. 

3? 14-84 

1? 3i 11,900 

11,060 3 

930 867 

14,890 13,880 


Pound-calories (C.H.U.) X 1*8 = B.Th.U. 

Kilo-calories per cubic metre X 0*1124 = B.Th.U. per cubic foot. 


Example 2. A coal gas has the following percentage analysis by volume : 
hydrogen, 46; methane, 39-5 ; ethylene, 2*63 ; tetrylone, 1*27 ; carbon 
monoxide, 7-6 ; nitrogen, 1*2 ; and water vapour, 2. 

Calculate (a) the minimum amount of air required for the complete com¬ 
bustion of the gas ; ( b) the contraction that takes place on combustion when 
the products are reduced to the same pressure and temperature, without 
condensation of water vapour. 

Taking each combustible constituent in 1 cu. ft. of the gas burnt 
separately— 

(1) Hydrogen. 2H 2 + O, = 2H a O 

i.e. 2cu.ft. H + 1 cu. ft. O form 2 cu. ft. Water vapour 

0-46 „ „ + 0-23 , f „ „ 046 „ „ 

(2) Methane. CH 4 4- 20 2 = C0 2 + 2H,0 

i.e. 1 cu. ft. CH 4 -f 2 cu. ft. O form 1 cu. ft. C0 2 + 2 cu. ft. H t O 
A 0395 „ „ + 079 „ „ „ 0395 „ „ -f 0-79 „ „ 

(3) Ethylene. C 2 H 4 + 30 2 = 2CO a + 2H a O 

i.e. 1 cu. ft. C 2 H 4 + 3 cu. ft. O form 2 cu. ft. CO a + 2 cu. ft. H 2 0 
/. 0*0263,, „ +0 0759,, „ ,,00506,, „ + 0-0506,,,, 

(4) Tetrylene. C 4 H g + 60 2 = 4CO a + 4H 2 0 

i.e. 1 cu. ft. C 4 H g + 6cu.ft. O form 4cu.ft.CO a + 4 cu. ft. H a O 

/. 0-0127 „ „ +0-0762,, „ ,, 0-0508,, „ + 0-0508 „ 

(6) Carbon Monoxide. 2CO + 0 2 = 2CO a 
i.e. 2 cu. ft. CO + 1 cu. ft. O form 2 cu. ft. CO s 
A 0-076 „ „ + 0-0375 „ „ „ 0-075 „ „ 
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Arranging these figures in a table, we get 


Con¬ 

stituents 

in 

Coal 

Gas 

Volume of 
Gas in 

1 cu. ft. of 
Coal Gas 

Volume of 
Oxygen 
required by 
each 

Constituent 

Volume of Products 
of Combustion 

H 2 0 

CO* 

N, 



Cu. ft. 

Cu. ft. 

Cu. ft. 

Cu. ft. 

H, 

0-46 

0-23 

0-46 



ch 4 

0-395 

0-79 

079 

0-395 


c,h 4 

00263 

0-0769 

00506 

0-0506 


C 4 H 8 

0-0127 

0-0762 

0-0508 

0-0508 


CO 

0-075 

0-0375 


0-075 


n 2 

0-012 




0-012 

h 3 o 

0-020 


00200 




Total 1-000 1-2096 1-3714 + 0-6714 + 0-012 = 1-9648 


(a) Since 1-2096 cu. ft. of oxygen are required for combustion, 
the air necessary to supply this volume of oxygen is 

100 

^ X 1-2096 = 6-787 cu. ft. air. 

(b) This air contains 5-787 - 1-2096 = 4-577 cu. ft. of nitrogen 
which apparently retards combustion and is added to the burnt 
products, making a total of 1*955 + 4-577 = 6-532 cu. ft. 

A mixture of 1 cu. ft. of coal gas and 5-787 cu. ft. of air becomes 
after complete combustion 6-532 cu. ft., consisting of water vapour, 
carbon dioxide, and nitrogen reduced to the same temperature and 
pressure. Hence the contraction in volume during combustion is 

6-787 -6-532 = 0-255 cu. ft., or 
X 100 = 3-76 per cent. 

In a gas engine, for efficiency in working, there is always an 
excess of air, in the ratio of about 9 cu. ft. of air to 1 cu. ft. of 
coal gas, making the charge 10 cu. ft., and this mixture has added 
to it 2 cu. ft. of residual products from the previous charge in the 
engine cylinder, hence the total volume would be 12 cu. ft. before 
combustion, becoming, with the same contraction, 11-745 cu. ft. 

0-255 

after combustion, which will now be —X 100, or 2-125 per cent. 

Example 3. The analysis by weight of coal is C, 80 per cent; H t , 6 per 
cent; S, 0-6 per cent. Calculate the theoretical quantity of air necessary 
for the complete combustion of 1 lb. of the coal. If 20 lb. of air are supplied 
per pound of coal, and the combustion is complete, estimate the analysis of 
the flue gas by weight, and volume. 
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By Table V, the air required per pound of coal is 

0-8 x 11*54 + 0 05 x 34*63 + 0*005 x 4*33 
= 9*23 + 1*73 + 0*02 = 10*98 lb. air. 

The oxygen needed for the given weights of C, H, and S in 1 lb. 
of coal might have been calculated, and the sum divided by 0*231 lb., 
the oxygen per pound of air. 

The total weight of flue gas from 20 lb. of air and the weight of 
combustibles in 1 lb. of the coal is 20*855 lb. 

The weights of the burnt products are— 


CO, = 0-8 x g = 

Lb. 

Per cent 

2*933 

= 14*06 

H a O = 0*05 X 9 = 

0*45 

= 2-16 

SO, = 0-005- X 2 = 

0*01 

= 0*05 

N 2 = 20 X 0*769 = 

15*38 

- 73*75 

O, (by difference) = 

2*082 

= 9*98 

Total weight = 

20*855 

100*00 


To find the percentages, divide each constituent by the total 
weight, thus obtaining the weight of each in 1 lb. of the flue gas ; 
then multiply by 100, thus 

2*933 

C0 2 = 2 Q.g55 X gives 14*06 per cent. 

The composition of the flue gas by volume can easily be obtained, 
remembering that the molecular weight of any gas occupies 359 cu. ft. 
at N.T.P. Thus we have 


Flue I 

Constituent 

Gas 

by Weight 


C0 2 

2*933 

h 2 o 

0*450 

so 2 

0*010 

n 2 

15*380 

0 2 

2*082 


Constituent by Volurao 

O.OQQ 

~ - X 359 - 0*007 X 359 

44 

-i 5 X 359 - 0 025 X 359 

18 

X 359 = 0-0003 X 359 

l5 '' iS X 359 = 0-549 X 359 
28 

k X 359 = 0*065 x 359 
Total = 0*7063 X 359 


Percentage 


9*48 

3*54 

0*04 

77*74 

9*20 


100 
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Determination of Volume of Air Required per cubic foot of gas 
fuel, given the volumetric analysis of the fuel and the percentage 
by volume of oxygen in the products of combustion. 

Assume the complete combustion of the carbon to carbon dioxide. 

Let V mv — volume of dry products with minimum air required 
per 100 cu. ft. of gas fuel 

V ea = volume of excess air per 100 cu. ft. of gas fuel 
0 ~ percentage oxygen by volume in dry products (i.e. 
neglecting the water vapour) 

Then the total volume of dry products = V mv + V ea . 

The oxygen comes from the air and may be assumed as 21 per cent 
by volume. 


O 


Vsn X 0-21 


f-tv - x 100 

r MJ> T r cn 


and 


+ 

O 


y F 


Given the volumetric analysis of the fuel, the minimum air 
required can be determined as in Example 2 and hence the volume 
of the excess air can be determined. 

Solid Fuels. The term fuel is applied to any combustible which is 
sufficiently abundant, and by its combustion with oxygen generates 
heat energy rapidly, at a cost low enough to be used for industrial 
purposes. The fuels mostly in common use are wood, peat, coal, 
petroleum and gas. 

Solid fuel is formed by the slow decomposition of wood and decayed 
vegetable debris buried in the earth for long ages, exposed to great 
pressure and the internal heat of the earth. In peat bogs this long 
transformation process from wood to anthracite is seen to begin with 
decayed marsh plants and mosses as spongy peat near the surface, 
gradually converted into black dense peat at the bottom of deep bogs. 

Lignite , of woody fibrous structure, intermediate between peat and 
true coal, is found in the tertiary formation of a moro recent period 
than the carboniferous, in which coal occurs. Lignites vary from 
earthy brown and friable, to “ jet ” black, contain 50 to 70 per cent 
carbon, 20 to 28 per cent oxygen, and up to 80 per cent moisture. 

Bituminous coals are chiefly derived from sigillaroid trees , gigantic 
ferns, the debris of primeval forests ; whilst the structure of cannel 
coal , with spore-cases of Lepulodendra , point to its origin from 
vegetable mud and club mosses. Bituminous, or “ flaming ” coal 
yields 30 to 40 per cent volatile matter, and burns with a long 
smoky flame Bituminous caking coals soften when heated, and 
on distillation in coke ovens at high temperatures, like Durham 
“ coking coal,’’ yield strong coke, used in blast furnaces. 

Cannel or parrot coal , and other gas coals , contain 30 to 40 per 
cent volatile matter, are chiefly used in the manufacture of coal 
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gas, and yield about 12,000 cu. ft. of gas per ton by high tempera¬ 
ture carbonization to 1,100° C., and coke, while naphthalene, benzole, 
toluol, and other products are obtained from the gas tar or oil. 

In laboratory tests the products obtained by the low temperature 
distillation , up to 500° or 600° C., of Yorkshire cannel coal and 
British bituminous coals are crude oil, yielding on fractionation 
10 to 15 per cent of their weight of motor spirit, and fuel oil, with 
3,000 to 4,000 cu. ft. of rich gas; but Scotch and other cannels 
yield only from 20 to 40 gallons of crude oil per ton by low tempera¬ 
ture carbonization. After distilling off this volatile matter from 
the coal, there remains about 70 per cent of the coal as a valuable 
semi-coke, smokeless in its combustion. 

Free burning , non-caking bituminous coals are suitable for making 
Mond gas, but are likely to give trouble in gas producers owing to 
the tar formed, unless special precautions are taken to convert the 
tar into fixed gas or to burn it. 

The semi-bituminous steam coals yield 15 to 20 per cent volatile 
matter, and burn with short, practically smokeless, flame. 

Anthracites contain 85 to 93 per cent carbon, about 8 to 15 per 
cent volatile matter, are non-caking, and bum with a short non- 
luminous flame. Anthracite and non-caking coals are suitable for 
small power gas producers, because the gas is practically free from 
tar and there is little clinkering trouble. 

Anthracite appears to be formed from bituminous coal by heat 
in the earth’s crust. 

Table VI gives the average percentage composition and calorific 
values of typical solid fuels. 


TABLE VI* 


Air Dried 

Wood 

Peat 

Lignite 

Bituminous 

Anthracite 

Moisture 

20 

20 

18 

1-10 

1 

Volatiles 

— 

50 

47 

30-35 

8 

Fixed C 

— 

27 

28 

45-64 

88 

Ash 

© 

3 

7 

5-10 

3 

Dry Ashlesa 

C 

50 

60 

67 

77-87 

94 

H, 

6-5 

6 

5-5 

5-5*3 

3 

O, 

43 

32 

26 

4*7-16 

2 

8, and N 2 

Cal. Value 

0-5 

2 

1-5 

2-4 

1 

B.T.U. per lb. 
(Higher) 

8,000 

10,000 

13,200 

13,400-15,300 

15,600 


* See Fuel by Brame and King (Edward Arnold) from which figures are 
extracted by permission of the publishers. 
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Coal is a very complex material, and its composition for industrial 
purposes is usually given in two ways— 

(а) By 'proximate analysis, first heating the powdered sample a 
little over 100° C., when the moisture is driven off and “ dry coal ” 
is left. The dry coal is heated in a closed crucible without air being 
admitted at 500° to 900° C., and the volatile combustibles which 
escapo are burned, leaving a combustible residue of fixed carbon 
or coke. When the coke is completely burned in air, only ash 
remains. 

(б) By ultimate analysis , giving tho percentages by weight of 
moisture, carbon, hydrogen, nitrogen and sulphur in a powdered 
sample. 

The carbon and hydrogen are found by burning a weighed quantity 
of dry coal in a hard glass combustion tube in a current of dry 
oxygen, the water and carbon dioxide formed being absorbed by 
dehydrated calcium chloride and an aqueous solution of caustic 
potash respectively. 

The nitrogen can be found as ammonia by heating tho coal to 
redness or burning it in a current of steam. The sulphur is deter¬ 
mined separately, the ash added to the sum of these elementary 
constituents, and tho amount short of 100 is usually returned as 
“ oxygen by difference,” and may also cover errors in the analysis. 

The combustion of coal is a complicated interaction, and the 
products of complete combustion are C0 2 from tho carbon, H 2 0 
from hydrogen, and S0 2 from the sulphur. Carbon monoxide 
shows incomplete combustion of tho carbon. 

In a boiler furnace tho volatile hydrocarbons are first driven off 
the coal, and the oxygen for their combustion is supplied by air 
admitted over tho top of the fuel bed. Tho solid carbon or coke 
left is burnt by tho air drawn through the fuel bed. It appears 
from experiments that, in burning bituminous coal, the fuel bed in 
a steam boiler need not be more than 6 in. thick, with careful 
stoking. About half the oxygen required for the complete com¬ 
bustion of the coal is used up within the lower 4 in. of the fuel bed, 
the other half of the air supply, preferably heated, passes at high 
velocity over the fuel to mingle with and burn tho volatile matter. 
The highest temperature, 1,200° to 1,500° C., depending on the 
draught, is usually found about 3 to 5 in. above the grate. An 
increase in the draught increases the rate of combustion and the 
supply of air, which is usually 1*5 to twice tho theoretical quantity. 
Large excess of cold air tends to cool down the interacting gases, 
retards combustion, and gives a low percentage of C0 2 in the flue gas. 

Conditions for Combustion. Rapid * combustion , or burning, is 
chemical combination of combustible substances with oxygen, 
accompanied by the evolution of heat, and generally of light. 
When tho resulting compound is decomposed or split up into the 
original combustibles, an amount of heat is absorbed, or disappears 
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as sensible heat, equal to that generated in forming the compound. 
The actual process of combustion is very complicated, and the 
chemical equations given above only represent the results. 

A combustible gas combines completely with oxygen only when 
(a) the mixture contains the two gases in the proper proportions; 
and (b) the temperature and pressure of the mixture are within 
fixed limits. 

As stated above (p. 193), the electrolytic mixture of hydrogen and 
oxygen at 18° C. and 14-7 lb. per sq. in. may be ignited by the 
electric spark, giving an explosion. Sir Humphry Davy showed 
that if the same mixture be reduced to 0*8 lb. per sq. in. at 18° C., 
combustion will not take place when the spark is passed ; but, 
keeping the mixture at the same lower pressure, it becomes inflam¬ 
mable when the temperature is raised sufficiently. When the 
mixture is heated up, slow combustion may take place and the 
mixture heats itself, and its temperature will rise very rapidly until 
flame appears. 

When this electrolytic, or true explosive mixture of hydrogen and 
oxygen, is fired by adiabatic compression it ignites at 526° C. with 
a sharp explosion. 

During the initial period of inflammation at atmospheric pressure 
the flame is propagated through the mixturo with a uniform velocity 
of 20 metres per sec (65-6 ft. per sec.). The early experiments of 
Mallard and Le Chatelier on the velocity of flame propagation in 
mixtures of hydrogen and air, at constant pressure, showed that the 
spread or travel of flame is most rapid when there is a slight excess 
of the inflammable gas in the mixture. Thus the mixture 1 volume 
of hydrogen to 2-5 volumes of air contains the proportion of oxygen 
for complete combustion, and the velocity of the flamo was 11*5 ft. 
per sec. ; while with excess of hydrogen 1 volume to 1*5 of air, the 
maximum velocity 14-4 ft. per see. was attained ; but with greater 
excess, as in a mixture consisting of equal volumos of hydrogen and 
air, the velocity of flame propagation was reduced to 12*4 ft. per sec. 
Dr. Neumann, of Dresden, has shown that mixtures of petrol 
vapour and air in the proportion of 1 to 12 gave the maximum 
velocity of flame propagation, while the proportion for complete 
combustion is about 1 to 15. 

The effects of different methods of firing upon the rate of com¬ 
bustion in the case of solids were strikingly shown by Sir Frederick 
Abel with gun-cotton. A train of gun-cotton, laid loosely on a 
table open to the air, when ignited by a flame, burns rapidly and 
harmlessly without explosion. When laid in the same way, the 
gun-cotton, fired by a percussion detonator to produce a high initial 
pressure or shock, gives a most violent explosion, duo to the instan¬ 
taneous change of the solid into the gaseous state. 

Explosion Wave. Berthelot discovered when detonation is set up 
in the electrolytic mixture of hydrogen and oxygen in a closed tube, 
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fired by an electric spark and a grain of fulminate, the shock and 
ignition with combustion are transmitted through the whole gaseous 
mixture by an explosion wave of adiabatic compression at a velocity 
of 2,820 metres per sec. Each layer is compressed before being 
fired, and then compresses the next layer. It has been proved, by 
collecting the residual gas and exploding it, that the combustion 
at the highest temperature in the wave front is not wholly complete. 
The velocity depends on the nature of the mixture. The rate of 
explosion is retarded by inert gases like nitrogen, according to their 
volume and density, which, when present in excess, may stop 
detonation. 

Professor H. B. Dixon confirmed these results* for various gaseous 
mixtures, and showed that in the explosion of a volatile carbon 
compound with oxygen, the carbon burns first to carbonic oxide, 
and afterwards, if oxygen is present in excess, the carbonic oxide 
first formed burns to carbonic acid. 

The explosion wave is not easily produced in the gas engine 
cylinder. The sudden blow or shock by explosion of petroleum 
vapour, known as 44 pinking ” in the petrol engine, at high tem¬ 
perature has nearly the the same effect, and is called 44 detonation.” 
Yet the ordinary propagation of inflammation is quite different 
from the detonation of gun-cotton, dynamite, etc., for which the 
speed of detonation, observed by Abel, also increases with the 
donsity of the charge. 

The ignition point of an explosive gaseous mixture is that tem¬ 
perature to which it must be raised locally so that the flame spreads 
throughout the whole mixture. 

Professor H. B. Dixon and H. F. Coward heated the combustible 
gases and oxygen, or air, separately to the ignition temperature 
before the streams of gas and oxygen, or air, wore allowed to mix, 
and found the following ignition ranges— 

Ignition Range, °C. 

Oas In Oxygen In Air 

Hydrogen.580°-590° 580°-590° 

Carbon Monoxido (Moist) . . (537°-4>. F >8° 044°—058° 

Methane.55G°-700° (>50°-750° 

Ethylene. 500°-579° 542°-547° 

Acetylene.416°-440° 406°-440° 

Professor Dixon found that carbon monoxide will not combine 
with oxygen unless a trace of moisture is present to start the action, 
although it takes no part in the combination. Professor Baker 
showed that a mixture of hydrogen and oxygen in the presence of 
water would not explode without a trace of impurity in the water ; 
and charcoal would not burn unless a trace of water vapour were 
present. 

♦ Phil. Trans. Roy. Soc., Vol. 184 (1893) ; and PhiL Mag., January, 1899. 





204 


APPLIED THERMODYNAMICS 


Each combustible gas or vapour has a well-defined range of 
inflammability , when mixed with air, which varies according to the 
nature of the hydrocarbons as well as to the temperature and 
pressure of the mixture. Combustion ceases when a certain excess 
of either gas is added to the explosive mixture ; thus 9 volumos in 
excess of oxygen or 8 volumes in excess of hydrogen, added to the 
electrolytic mixture, render it non-inflammable, and the only portion 
of hydrogen burned is that lying in the path of the electric spark ; 
but on raising the temperature of the new mixture to a certain point, 
it may be ignited by the electric spark. Hence a mixture of 
hydrogen and oxygen which will not combino at the ordinary 
atmospheric temperature and pressure may be made to do so by 
increasing either the pressure or temperature up to certain definite 
limits, to be determined by experiment. 

The addition of excess of an inert gas like nitrogen to the electro¬ 
lytic mixture of 2 volumes H 2 to 1 of 0 2 also retards combustion. 
The same effect is produced by the presence of an excess of the 
cooled burnt products of a gaseous explosive mixture. In this way 
the rate of combustion in the engine cylinder is under control by : 
(l) changing the proportion of air to gas in order to determine by 
experiment the most economical mixture for an engine working at 
a given compression and speed ; ( 2 ) increasing the compression of 
the charge before ignition, depending upon the nature of the fuel, 
and enabling weak or dilute mixtures to be burned rapidly and 
completely ; (3) the time and method of firing the compressed 
chargo in the cylinder ; (4) the shape or design of the combustion 
chamber ; ( 6 ) the temperature of the water jacket and the cooling 
action of cylinder walls. 

Professor W. A. Bone found in his researches* upon the behaviour 
of hydrocarbons, that their combustion is a complex process, 
involving slow combustion at temperatures below the ignition point, 
and that there are clearly defined stages of successive oxidation. 
Thus, during this slow combustion, the most stable hydrocarbon, 
methane (CH 4 ), is oxidized at temperatures between 400° and 
500° C., well below its ignition point. In the initial stage methyl- 
alcohol is formed, which breaks up into steam and formaldehyde in 
the second stage. The formaldehyde is subsequently oxidized to 
formic acid (stage 3), which may partly break up into CO and H 2 0, 
to the unstable carbonic acid (stage 4), which at once results in 
CO a and H 2 0. At temperatures above the ignition point, the 
formaldehyde (stage 2 ) is so rapidly changed by heat into CO and H 2 
that in the final stages of the process these gases are probably 
oxidized independently. 

This view is supported by the presence of formaldehyde found in 
the condensed steam from the exhaust gases of petrol and oil 
engines. Also, the “surface effect” in the slow decomposition of 
* J. Chem. Soc. (1908), p. 1197 ; and Papers during 1902-6. 
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methane, according to the reversible reaction CH 4 ^ C + 2H a 
between 800° and 1,200° C., explains the formation of that very 
hard, lustrous, black carbon, “ methane carbon/’ deposited on the 
vaporizers of some oil engines. 

Calculation of the Air Supply from an Analysis of the Flue Gas 
and an Analysis of the Fuel. The flue gas analysis by volume is 
conveniently made by means of the Orsat apparatus. A good 
average sample, 100 c.c of the gas, is collected over mercury in a 
eudiometer, the steam formed by the combustion of the hydrogen 
in the fuel condenses to water, and the dry flue gas consists of 
C0 2 , CO, 0 2> and nitrogen. Those are successively absorbed by 
reagents in separate flasks. The C0 2 is absorbed by an aqueous 
solution of caustic potash, the oxygen by an alkaline solution of 
pyrogallic acid or, more slowly, by sticks of phosphorus, and the 
CO by an acid solution of cuprous chloride, and the remainder is 
assumed to be nitrogen. 

Then, to calculate the weight of each constituent por pound of 
carbon in the flue gas, the proportional weights are found from 
the molecular weights. A molecule of C0 2 contains 44 parts by 
weight; i.e. 12 of carbon and 32 of oxygen ; CO contains 28 parts 
by weight; i.e. 12 of carbon and 16 of oxygen. 

^Example 4. The fluo gas analysis by volume in a boiler trial was C0 2 , 
10-5 por cent; CO, 1 per cent; 0 2 , 8 per cent ; N 2 , 80*5 por cent ; and the 
coal analysis, aa burned, was C, 82 per cent; If,. 4-2 per cent; 0 2 , 4-8 per 
cent; other matter, 9 per cent. Calculate the following items in the heat 
balance per pound of coal, the rise in temperature in the flue gases being 
300° C. — 

(а) Heat carried by products of combustion, average spocific heat, 0*24. 

(б) Heat carried by excess air, average specific heat, 0-2375. 

(c) Heat lost by incomplete combustion. 

Calorific value of 1 lb. carbon : when burned to CO a , 8,080 C.H.U. ; burned 
to CO, 2,413 C.H.U. (U.L., B.Sc. {Eng.).) 

The quantity of air drawn through the furnace per pound of fuel 
may be determined with fair accuracy from the total weight of the 
burnt products, and the carbon content in these when the ultimate 
analysis of the fuel is given. In this example the volumetric 
analysis gives the proportional weights— 

lb. lb. lb. 

CO t 10-5 X 44 = 4(52, contains 10-5 X 12 = 126 C., and 10-5 X 32 = 336 O, 

CO 1*0 x 28 = 28 „ 1x12= 12 C., „ 1x16= 16 0 2 

O, 8 X 32 = 256 „ = 256 0 2 

N, 80*5 X 28 =2,254 

Total weight =3,000 fluo gas contains 138 C., 2,254 N 2 and 608 O t 

.*. 1 lb. of carbon is contained in 3,000/138 = 21*74 lb. of dry fluo gas. 

From the fuel analysis, with every pound of carbon burnt, there 

0*042 

is ------ = 0*0512 lb. of H, which forms 9 X 0*0512 — 0461 lb. of 

0*82 
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steam. Hence, the total weight of flue gas per pound of carbon 
burnt is 21-74 + 0-461 = 22-2 lb. 

The weight of combustibles burnt to form this flue gas is 1 lb. 
carbon + 0*0512 lb. of H 2 , also the oxygen of the coal in the products 

of combustion per pound of carbon is 7^7 = 0*0585, making tko 

U‘o2 

total 1-11 lb. Hence the air supply, drawn through the furnace, 
per pound of carbon in the flue gas is 22*2 - 1-11 = 21*09 lb. And, 
by the analysis, 1 lb. of coal burnt has 0*82 lb. of carbon ; therefore, 
the weight of air supplied per pound of coal burnt is 21*09 X 0-82 
= 17-294 lb. 


Again, the minimum weight of oxygen needed for complete com¬ 
bustion of the coal is— 


C = 0*82 lb. takes 0-82 X = 2*187 lb. of oxygen 
H* = 0*042 „ 0*042 x 8 = 0*336 „ 

.*. Total oxygen required = 2-523 lb. 

And the coal itself supplies 0 2 = 0*048 „ 

.*. Oxygen to be supplied by the air = 2*475 lb. 


Air contains 23*1 per cent by weight of oxygen, hence the 
minimum weight of air needed for complete combustion is 


2*475 

0*231 


10*714 lb. 


Therefore the excess air drawn through the furnace is 
17*294 - 10*714= 6*58 lb. per lb. of coal burnt. 


Now the products of combustion consist of the air supplied, with 
the weights of combustibles and oxygen in the fuel. The coal 
furnishes0-82 + 0*042 -f 0 048 = 0*91 lb. Honco the total products 
of combustion = 17*294 + 0*91 = 18*2 lb. per lb. of coal burnt. 


(a) Heat carried away by these gases 

= 18*2 x 0*24 x 300° =1,310 C.H.U. 

(b) Heat carried away by excess air 

= 6*58 x 0*2375 x 300° = 469 C.H.U. 


Answer. 


(c) Incomplete combustion of carbon, 

1 lb. carbon burned to C0 2 evolves 8,080 C.H.U. 
11b. „ „ CO „ 2,413 C.H.U, 

1 lb. carbon in CO burned to C0 2 must give 5,667 C.H.U. 
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which is lost when the combustion is incomplete. The proportion 
by weight of carbon in 10*5 parts by volume of C0 2 is 

10*5 X x ^ = 126 parts 


and the carbon in 1 part by volume of CO is 12 parts by weight. 
Thus the total proportional weight of carbon in the furnace gas is 
126 + 12 = 138 parts, and the proportion of carbon burned to 


12 

CO is Y«Q. The heat lost or not produced in CO per lb. of carbon 
id8 12 

in dry flue gas = 5,667 X C.H.U., and since 1 lb. of coal contains 

loo 


0-82 lb. carbon, the heat lost by incomplete combustion per pound of 
coal burned is 


0-82 x 


12 

138 


X 5,667 = 404 C.H.U. 


Answer. 


The weight of excess air namely 6-58 lb. calculated above is the 
excess over that required for complete combustion. To be more 
correct in this example we should find the excess over that required 
for the given incomplete combustion. This calculation is as follows— 


From p. 211 


Wt of C burnt to C0 2 
Wt of C burnt to CO 


percentage C0 2 by volume in products 10-5 

percentage CO by volume in products 1 


Hence weight of C burnt to C0 2 per lb. of fuel 
10*5 

— X weight of C per lb. of fuel 
1 1 o 


10d> 

11-5 


X 0-82 — 0-749 lb. per lb. of fuel 


and weight of C burnt to CO 

= 0-82 - 0-749 - 0-071 lb. per lb. of fuel. 

Hence 

C burnt to C() 2 requires 0-749 X ^ = 1-997 lb. O a 

O 

C burnt to CO requires 0 071 X ~ = 0-095 ,, 

H a requires 0-042 x 8 = 0-336 ,, 


Total = 2-428 lb. 
loss 0 2 in fuel = 0-048 


Total oxygen required = 2-380 lb. 
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Therefore the air required = 2-38 X = 10 32 lb. per lb. fuel 

AO 

and excess air over that required for the given incomplete 
combustion 

- 17-294 - 10-32 = 6-974 lb. per lb. fuel. 

Formulae for approximate estimate of the weight of air supplied 
per pound of fuel burned— 

1 . Given the volumetric analysis of dry flue gas, and C per cent 
by weight of carbon in the fuel. Since air consists of about 77 per 
cent by weight of nitrogen, N parts by volume of nitrogen are 
100 

contained in 28 x ^ X N parts by weight of air. 

The proportional weights, as above, are found by multiplying the 
volumes by the molecular weights in 100 parts of flue gas, and the 
ratio of air to carbon is 

NX™ X 28 


CO, X £4 X 44 1 + I CO X 2g X 28 


and since 1 lb. of the fuel contains -- lb. of carbon, multiply the 
C 100 

ratio of air to carbon by , from which the weight of air per pound 
of fuel burned is nearly 


33(CO, + CO) 


x C lb. 


In example 4, this gives —- r-r-— X 82 = 17-39 lb. of air. 

do X ll*o 

2 . When the percentages of C0 2 , CO, and N in the flue gases are 

100 

given by weight t N parts of nitrogen are contained in X N parts 
by weight of air ; and in 100 parts by weight of flue gases there are 


CO a X 




CO X I parts of carbon. 


Then the ratio of air to carbon is 

100 . 


CO, X -n 1 + CO x 


and 1 lb. of fuel contains parts of carbon. 

100 
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Hence, to find the weight of air supplied per pound of fuel burned, 

C 

multiply the ratio of air to carbon by —, and the expression 
becomes 


N 

21 C0 2 + 33 CO 


X C lb. 


( 2 ) 


Usually the value of N is not directly determined from the flue 
gases, and is only given by difference, including errors, of the 
analysis ; also small quantities of ammonia formed from the nitrogen 
of the fuel may be decomposed. 

The formulae given above do not allow for any oxygen originally 
in the fuel. 


Example 5. In a trial of a Lancashire boiler with economizer, the following 
results were obtained— 

Volumetric analyses of the flue gases on entering and leaving the economizer 



Entering 

Leaving 


% 

o/ 

/o 

co 2 . 

8-3 

6-2 

CO . 

0-4 

0-3 

o . 

11-2 

13-7 

N . 

80-1 

79-8 

Total 

100-0 

100-0 


Temperature of flue gases on entering and leaving the economizer, 642° F. 
and 335° F. Temperatures of feed water on entering and leaving the econo¬ 
mizer, 134° F. and 234° F. Weight of feed water per hour, 7,3701b. ; weight 
of coal stoked per hour, 1,000 lb. Per pound of dry fuel stoked, the carbon 
burned was 0-735 lb., and the weight of tho flue gases, including moisture, 
entering the economizer was found to be 21-5 lb. The average specific heat 
of the gas may bo taken as 0-25. 

Calculate per pound of f uel stoked : (a) the air leakage into the economizer; 
(6) the heat lost by the gases in passing through the economizer ; (c) the heat 
gained by the food water. ( U.L ., B.Sc. {Eng.).) 


(a) By ( 1 ) (p. 208), total air leaving tho economizer per pound 
of fuel 

Total weight of gases leaving economizer per pound of fuel 
= 27-34 + 1 = 28-34 lb. 

Hence, air leakago into tho economizer 
= 28-34 - 21-5 = 6-84 lb. 


( 6 ) Heat lost by 21-5 lb. of gases 

= 21-5 x 0-25 (642° - 335°) = 1,650 B.Th.U. 
(c) Feed water per pound of fuel 
= 7,370/1,000 = 7-37 lb. 
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heat gained by the feed water 

= 7*37 (234°- 134°) = 737 B.Th.U. per lb. of coal 

Formula for Air Required from C0 2 by volume in dry products 
and C and H 2 in fuel (complete combustion) by weight. 

Let C — car ^on by weight in fuel 

H = of hydrogen by weight in fuel 

C0 2 = 0 f carbon dioxide by volume in dry products 


Minimum air required j>er lb. of fuel — ^-C + 8H j lb. 

and weight of C0 2 formed = C lb. 

Let actual weight of air used — IF lb. per lb. fuel 


Then weight of excess air — IF — + 8Hj lb. 

Weight of oxygen in this= £lF — + 8H^ ~ X lb. 


Weight of nitrogen — —— IF lb. 

100 


The dry products are 
By Weight 


C°,l±C 

77 

N ‘ 100 W 


By Volume ( proportional ) 

1 C 


3° X 44 ~ 12 
77 „r 1 11 

l66 W X 28 ~ 400^ 




23 J_ 
10U X 32 


Hence 

Percentage C0 2 by volume 


<C UW 
12 + 400 


(l c + 8H )‘l’]ra * k 


from which IF can be calculated. 




COMBUSTION OF FUELS 


211 


This formula can be simplified to 


percentage C0 2 — 


so,ooo;c 

3(111 IT - 800 H) 


Incomplete Combustion. 

(a) To find the proportions of carbon burnt to CO and C0 2 given 
the percentages of CO and C0 2 by volume in the products. 


Volume of CO _ percentage CO by volume 
Volume of C0 2 percentage C0 2 by volume 


Weight of CO percentage CO by volume x 28 
Weight of C0 2 percentage C0 2 by volume X 44 

Hence 


Weight ofC burnt, toCO_ _ Pontage CO by volume X 28 X - 

Weight of C burnt to C0 2 , , ..12 

percentage CU 2 by volume X 44 x — 

percentage CO by volume 
percentage C0 2 by volume 

(b) To find the proportions of carbon burnt to CO and C0 2 given 
the analysis of fuel and the weight of air actually used. 

Let C = weight of carbon per pound of fuel 
H — weight of hydrogen per pound of fuel 
W — weight of air used per pound of fuel 
Then 

23 

Weight of oxygen in W lb. of air — W X lb. 


Weight of oxygen required for hydrogen — 8 H lb. 

23 

Oxygen available for carbon — --—IF — 8 H lb. 


Let x = weight of carbon burnt to 00 2 
y — weight of carbon burnt to CO 
Then 

5* '-XlM"'- 811 

and x | V — C 

From these two equations the values of x and y can be calculated. 
If there is other combustible matter in the fuel, a similar method can 
be adopted. 

8—(T.5434) 
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Example 6. A fuel has an ultimate analysis of 88 per cent C and 4-4 per 
cent H, the remainder being incombustible. 

A partial volumetric analysis of tho dry products of combustion shows 
13*2 per cent C0 2 and 3-2 per cent oxygen, and it is suspectod some CO is 
present. 

Estimate (a) tho comploto volumetric analysis of tho dry exhaust gases; 

( b) the air-fuel ratio by weight based on the fuel as fired. 

Air contains 20*8 per cent 0* by volume and all the H and C have been 
burned. 

(U.L., B.Sc., {Eng.).) 

If as given in the question 1 cu. ft. of air contains 0*208 eu. ft. 0 2 
and we assume the rest, i.e. 0*792 cu. ft. is N 2 > then 
Molecular weight of air — 0*208 x 32 + 0*792 X 28 = 28*83 (sec 
p. 91). 

32 

Hence 1 lb. of air contains 0*208 x v - - - lb. oxygen — 0*231 lb. 

28-83 

In 1 lb. fuel let a: lb. C be burnt to C0 2 . 

Then (0*88 — x) lb. C is burnt to CO. 

Oxygen required to burn 1 lb. fuel will bo— 

for C to CO 2 N? x lb. 

C to CO — ^ (0*88 — jc) lb. 

H to H,0 -- 8 X 0 044 lb. = 0*352 lb. 

Air required j~^ x | ^ (0*88 — x) 0*352 

-- (5 *llx + 6*6) lb. . (a) 

70*9 

Nitrogen in this air — (5*77.r + 0*0) = (4*44.r + 5*08) lb. 


Let Z — weight of excess air per lb. of fuel containing 0*231 Z lb. 
oxygen and 0-7G9 Z lb. nitrogen. 

The products of combustion will contain in proportion by volume 


C0 2 v , 1 ~ = 00833-r 

3 44 

CO - 7 - (0*88 - x) ^ - 0 0732 - 0 0833a: 


0 2 = 0*231 


Z 

32 


0 0072 Z 


N 2 -- Nitrogen in minimum air + Nitrogen in excess air 


- (4*44a: -f 5*08 + 0*769 Z) - 


1 

28 


- 0159a: 1 0*181 | 0*0275 Z 
Total — 0*159a: + 0*0347 Z + 0*254 
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Now from the given gas analysis by volume 


C0 2 

0 2 


13-2 

3*2 


0 0833 a; 
0 0072 Z 


from the equations above 


Z = 2*8 x 


Also from the given gas analysis 

percentage C0 2 __ __ 0-0833 x 

Too ~ ’ ~ 0'\rySx~-\ 00347 z + 0 254 

From the last two equations 

a; = 0-676 and Z = 2-8 x 0-676 = 1*893 ...(b) 

Substituting these values in the equations given above, the 
proportions by volume of the products of combustion are obtained 


co 2 

- 0*0833 X 0*076 

=-= 0*056 = 

13*1 per cent 

CO 

- 0*0732 - (0*0833 X 0*676) 

*= 0*017 = 

3*98 per cent 

o 2 

0*0072 x 1-893 

0*014 = 

3-29 per cent 

n 2 

= (0-159 X 0*676) 4- 0*181 + 
(0*0275 X 1*893) 

- 0*340 

79-63 per cont 


0*427 100*0 

From Eq. (a) given above 

Minimum air required = (5*77 X 0-676) + 6-6 
— 10-5 lb. per lb. of fuel 

From Eq. (b) 

Excess air -- 1-893 lb. per lb. of fuel 
Total air used — 10-5 |- 1-893 — 12-393 lb. per lb. fuel 

Natural Draught in a chimney is produced by the difference of 
weight between the column of hot gas inside a chimney and a column 
of the same height of cold air outside. The draught is measured by 
the difference in height or head in inches of water in a U-shaped 
water gauge, one limb of which is connected to a tube inserted at 
the chimney base and acted on by the pressure of the hot gas, and 
the othor limb is open to the atmospheric pressure in the boiler 
house outside the ash-pit or below the fire-grate. 

A column of water 1 sq.ft, in cross-section and 1 in. high is 

-- cu. ft., which, at 17° C., weighs slightly less than 62*4 Xy^, or 
12 1 ^ 

5-2 lb. A draught of 1 in. head of water corresponds to a pressure 
of 5*2 lb. per sq. ft If the mean temperature of gas in the chimney 
is 290° C., and the air outside is 17° C., what height li ft. of chimney 
1 sq.ft, in section will produco a draught equal to the pressure of 
1 in. of water ? 




214 


APPLIED THERMODYNAMICS 


The difference in weight of a column h cu. ft. of air at 290° and 
17° C. is 0*0368^ lb., which must bo equal to 5*2 lb., or 


hz= 5-2 
0-0368 


141 ft. 


Take the air pressure p lb. per sq. ft. near the boiler below the 
fire-grate, and p x lb. per sq. ft. pressure of the flue gas, inside the 
chimney at its base. 

Since a head or difference of level of 1 in. water column indicates 
a pressure of 5-2 lb. per sq. ft., the difference of pressure, or the 
draught, between the air in the ash-pit and at the base of chimney is 
V~V\ — 5-2 h lb. per sq. ft., which produces the flow of air through 
the furnace and up the chimney. 

If tt; lb. of air is drawn through the furnace per pound of fuel 
burnt, the flue gas formed, together with combustibles in the fuel, 
will be nearly w + 1 lb. ; 'and the volume of those products of 
combustion is practically equal to the volume of air supplied per 
pound of fuel under the samo pressure and temperature. Therefore, 
the volume of furnace gas from a given air supply may be calculated 
by the general formula for air, i.e., 


pv = 96 wT 


where v is the volume in cubic feet of w lb. of air supplied per pound 
of fuel burnt, and T the absolute temperature in degrees G. Also, 
when the combustion is at atmospheric pressure, 2,116 lb. per sq. ft., 
the volume of furnace gas is 

v ~ bT T a = oo' 011, P er lb. of fuel burnt . . (1) 

Z,i 10 ZZ 


and the density of the air or furnace gas is 


w 

v 


22 

T 


lb. per cu. ft. (approximately) 


Let A be the sectional area of the flue at the chimney base, 
where the temperature T is observed, then the total amount of gas 
entering the chimney in pounds per second is equal to 

( Velocity of flow,\ /Section A sq. ft. at\ /Density of gas,\ 

ft. per sec. j y base of chimney ) \ lb. per cu. ft. J 

from which the mean volocity of gas flow across that section is 
96 wT W t 

TTT6T ftper8ec . (2) 

where W is tho pounds weight of fuel burnt per second. 


Example 7. A boiler is fired with coal having a percentage composition, 
carbon 85-1, hydrogen 4-2, oxygen, ash, otc., 10-7. The analysis of dry flue gas 
shows 10-2 per cent of C0 2 . Estimate the weight of air supplied to the 
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furnace per pound of fuel fired. If the measured temperature of the flue gas 
at the base of the chimney is 410° C. when the coal consumption in the 
boiler is 1,6251b. per hour, find the mean speed of the flue gas entering the 
chimney if the cross-sectional area of the chimney is 18 sq. ft. 

( UJB.Nc. {Eng.), 1923.) 

Using the formula given on p. 211 if W = weight of air used 
per lb. fuel 

, ™ 80,000 C 

percentage CO a = 3{m ,y._ H00H) 

80,000 x 0-851 

16 ‘ - 333 W - 800 X 3 X 0 042 

and W = 20-3 lb. 


If the simplified formula is used (neglecting the hydrogen) 
_ 240(3 _ 2 40 x 0-851 

per cent C0 2 10*2 


= 20*02 lb. 


The temperature at the base of the chimney = 410 + 273 
= 683° C. abs. The gas density at the base of the chimney, from 
the equation opposite is given by 


w 

v 


22 

T 


22 

683 


— 0*0322 lb. per cu. ft. 


The coal fired per second W f — , -- 

3,000 

The weight of flue gas per lb. of fuel 


0*4514 lb. per sec. 


W g = weight of combustible in 1 lb. fuel -\- weight of air per lb. 

fuel 

= 0*851 + 0 042 + 20*3 - 21*193 lb. per lb. fuel. 

Hence the weight of flue gas per second —- 0*4514 X 21*193 

— 9*57 lb. per sec. 

Velocity of flow 

weight of flue gas per second 
chimney area X gas density 


9*57 

18 X 0 0322 


16*5 ft. per sec. 


Volume of flue gases at chimney base conditions (Eq. (1), p. 214) 


wT 

22 


21*193 X 683 
22 


658 cu. ft. per lb. of fuel. 


Note —In this example no account has been taken of any oxygen 
originally in the fuel as this is not known. 
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Height of Chimney to Produce a Given Draught. 


Let 

H = height of chimney abovo the fire-grate 
H x — height of column of gas of density D equivalent to 
draught 

D = mean density of gases in chimney 

D x = density of outside air 

P x = pressure of outside air at the chimney top 

then P x + HD lb. per sq. ft. is the pressure inside at the base of 
chimney 

P x + HD X lb. per sq. ft. is the pressure outsido at entrance 
to the ash-pit 


The difference of these pressures which produces the air flow 
from the outside into the chimney, through the grate, fuel bed, and 
chimney is 

-l) • 0) 


H(D X - D) — II l D, H x — 11 {jj 


This head H x overcomes the frictional resistance F of the fuel bed, 
etc., and produces the velocity of flow u of the flue gases. 

H 1 is measured by the draught h in. of water column in the U-tube 

inserted at the chimney base, which is equal to —ft - of chimney 

gas = H l9 since the density of water is 62*4 lb. per cu. ft. at the 
atmospheric temperature. 


But 

and 


D = yp lb. per cu. ft. 

T) _ — 1 0*0764 lb. per cu. ft. at 15°\ 

1 1\ " \C. and 14-7 lb. per sq. in./ 


where T x is the absolute temperature of outsido air, and T mean 
temperature of the chimney gas. Substituting these values in 
equation (3), draught 


h = 4-2// 


in. of water column 


(?;-?) ir 

IT \ 

and H x = H I - 1 I ft. of chimney gas 


(4) 

(5) 


Now H x — F where ^is part of the head UBed to give 


velocity of flow, u f at the base of the chimney. This can be obtained 
from the equation 
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u = k JH [~r- 1 j ft. per sec.(6) 

where the constant k is about 2 when — of the head is spent in 

producing the velocity of flow. Professor Dalby* has found from 
marine engine trials that tho value of k for the chimneys of the ships 
tested varied from 1*6 to 2*7. 

Example 8. The composition by weight of the coal used to fire a boiler 
is : carbon, 0-863 ; hydrogen, 0-038 ; oxygen, 0-004 ; ash, 0-095. Assuming 
that tho ratio of air used to that theoretically required for combustion is 1-6, 
find tho weight of tluo gas per pound of coal fired. If the chimney draught 
is I in. of water, and the temperature of flue gas at the base of tho chimney 
is 400° C., what should be the internal cross-sectional area of tho chimney if 
the boiler is to consume 1£ tons of coal per hour. Assume that ono-tenth of 
the draught is available for giving velocity, the rest of tho draught being 
used in overcoming friction of the air passing through the fuel bed. 

(U.L., Ii.Sc, ( Eng .), 1925.) 


The oxygen theoretically required for complete combustion of 

Q 

1 lb. of the coal is 0-863 X ^ + 0 038 X 8 = 2-605 lb., and the coal 

o 

itself contains 0-004 lb., so that 2-601 lb. is needed in the air supply 

by or 11-26 lb. air, the minimum theoretically required. The 

U‘2ol 

air used per pound of coal is 1-6 X 11-26 = 18 lb. 

The total head to overcome frictional resistance and keep up the 

velocity of flow is —where D is the mean density of the 
1 M) 5.2 h ID \ 

chimney gas, and the draught h in. of water. Thus * = //l -1 I, 

by equation (3), where D x = 0-0764 lb. per cu. ft. is the density of 
the outside air at 15° C. and atmospheric pressure. At 400° C., or 
673° C. (abs.), the air or gas in the chimney has density 

22 

D = - = 0-0327 lb. per cu. ft. 

and h is given equal to 1 in. of water. Hence 
5-2 = H(D X - D) ~ 7/(0-0764 - 0-0327), 
from which H — 119 ft., and one-tenth of this is available for giving 
velocity. Otherwise, by equation (4), 4-27/ 

H = 12 ft?^. The velocity of flow, 

u 2 = 2g X 12, or u — V64-4 x 12 = 27-8 ft. per sec. 

* See Steam Power , by Professor W. E. Dalby. 


( 1 — 1 -V 

\288 673/ 


1, hence 
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Coal is burned at the rate of 3,360 lb. per hour 


3,360 
60 X 60 


14 

= lb. per second = W 
10 


Substituting thcso values in equation (2) (p. 214) gives the 
internal cross-sectional area of the chimney 


§§wTW __ 96 X 18 x 673 x 14 
2,116a ~~ 2,116 X 27*8 x 15~ 


18*45 sq. ft. 


Answer. 


To check this result: the volume of the flue gas is taken equal 
to that of the air supplied, and 

aa m 96 X 18 X 673 Ik 

pv = 96u>7\ or v = -—- = 549*6 cu. ft. per lb. 

z, 11 o 

14 

of coal burned ; and, at ~ lb. per sec., the rate of gas flow is 
14 10 

549*6 X jz ~ 512*9 cu. ft. per sec. This should bo equal to the 

lO 

velocity of flow X sectional area of chimney, or 
27*8 x 18*45 = 512*9 cu. ft. per sec. 

The natural draught of a chimney draws sufficient air through the 
fuel to bum coal completely at the rate of 20 lb. of coal per hour 
per square foot of grate. The rate of firing is increased by forced 
draught. In a locomotive the draught is produced by the exhaust 
steam blast in the smoke-box, which reduces tho pressure of the 
escaping gases below atmospheric and greatly increases the air flow 
through the grate, tubes, and up the chimney, at an average rate 
of burning 80 lb. of coal per hour per square foot of grate in an 
express locomotive.* 

In marine boilers the draught is forced by means of fans blowing 
air into the stoke-hole, which is made air-tight, so that the air can 
only escape through the ash-pit and fuel bed to the chimney. 

In the Howden system of forced draught, air driven by a fan 
passes through heated tubes, before it enters the ash-pit and passes 
over tho grate. 

Another way is by induced draught, when the fan is placed near 
tho chimney base and draws tho air through the furnace, and the 
hot gases pass through the fan. 

The advantages of mechanical draught are : easy control of the 
draught by regulation of tho speed of tho fans ; ability to meet 
sudden demands for increased output of steam ; greater furnace 
efficiency, because complete combustion is obtained and tho furnace 
gas may be reduced to a lower temperature than if chimney draught 
alone is used ; natural draught changes with the weather, and 
forced draught overcomes that difficulty ; also a greater rate of burn¬ 
ing at the fire-grate, and cheaper coal can be economically used. 

* See “ Trials of an Express Locomotive,” Proc. Inst. C . jE?.,Vo1. CXXV, 291. 
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The chief disadvantages are the upkeep of the machinery and 
cost of power in driving the fans ; also increased wear and repairs 
of the boiler owing to the higher rates of combustion. 

The brake horse-power of the engine driving a fan may be 
estimated— 


Let v = volume, in cubic feet, of air or gas passing through 
the fan per minute 

h = draught in inches of water column 
e = efficiency of the fan 

w = pounds of air delivered per pound of fuel burnt 
W = weight (pounds) of fuel burned per second 


The required brake horse-power = 


5*2 hv 
33,000 X e 


(7) 


With forced draught, v f — 60 wWv 0 X 


1l 

273 


Win >re v 0 = 12*39 cu. ft., the volume of 1 lb. air at 0°C and 

14*7 lb. per sq. in. 

and T f = absolute temperature of air delivered by the fan 
With induced draught there will be (w -f 1)1F lb. of flue gas 
delivered per secondhand assuming density to be that of alrT^ 

v t = 60(u> + \)\Vv u X ~ 


Hence, 


Brake horse-power of induced draught fan 
Brake horse-power of forced draught fan 


w + l 

- - X ™ 

w T f 


( 8 ) 


Heat of Combustion (Calorific Value). The calorific value of a 
fuel is the measure of the amount of heat produced in the complete 
combustion of unit quality. In the case of a solid or liquid, it is 
expressed in B.Th.U. or C.H.U. per pound, and for gaseous fuels 
per standard cubic foot. 

For solid or liquid fuels, the value may be determined by means 
of a bomb calorimeter illustrated in Figs. 68 and 69. 

The inner surface of the steel bomb, B , is gilt or coated with 
special enamel to prevent corrosion by the acids formed by com¬ 
bustion of fuel containing sulphur and nitrogen. The cover, D , 
carries a needle valve, N> to admit compressed oxygen. A thick 
platinum wire, P, is screwed into the cover, the other wire, T , carries 
the crucible, C> at the lower end, which is formed into a ring ; the 
other end of T passes through an insulated plug, protected against 
the high temperature inside the bomb. A fine platinum or nickel 
wire, with its ond twisted round the wires P and I 7 , making good 
electrical contact, dips into the fuel, which is ignited when the fine 
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wire is heated to incandescence by an electric current. One gramme 
of oil fuel, or finely powdered coal, is accurately weighed in the 
crucible, w hich is then placed in the ring and with the ignition wire 
attached; the cover D is then placed on the bomb. The cover is 
held firmly in position by a large hexagonal nut //, screwed down 
tightly, a gas-tight joint being made by the spigot S, fitting into a 
ring of lead in a groove on tho top of the bomb. Oxygen is admitted 
very gradually through a cone and nut attachment at ri, by opening 



Fig. 68. The Bomb Fig. 69. Homo Calokimeteu 


the needle valve N, until the pressure is about 25£ atmospheres, 
when the valve is closed. Wires from an electric circuit are con¬ 
nected to the terminals of P and T, on tho cover. Tho bomb is then 
placed in a known weight of water in tho copper calorimeter, which 
is insulated near the top to prevent leakago of heat by conduction, 
and rests on blocks of cork in the air space of an outer double-walled 
vessel, shown in Fig. 09. This outer vessel and its lid are well 
lagged on the outside by a thick layer of felt, and forms a water 
jacket at the temperature of the room. In order to reduce the 
correction for radiation, the temperature of tho bomb arid water in 
the calorimeter should bo as many degrees below tho jacket tem¬ 
perature at the start as above it when the maximum temperature is 
reached by burning the fuel. 


A standardized Beckmann thermometer, graduated in~r° C., 

1UU 

having a range of a little over 5° C., is placed in the water sur¬ 
rounding the bomb. Stirring is then started slowly, and continued 
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throughout tho experiment, while readings of the thermometer are 
noted every minute. After 4 or 5 min., the electric circuit is closed 
and the fuel fired. The heat evolved is absorbed by the bomb and 
water in tho calorimeter, tho temperature rises rapidly, and readings 
are continually taken until 5 to 10 min. after the maximum tem¬ 
perature is attained, in order to estimate the rate of cooling by 
radiation and the true rise of temperature. The temperature of 
the outer water jacket is also noted at the start and finish as a 
check on the radiation correction. 

The water equivalent of tho bomb, calorimeter and solid parts 
therein should be previously found by using a fuel of known 
calorific value, e.g. naphthalene or benzoic acid. The calorific value 
of benzoic acid is 6,322 C.H.U. per lb. This water equivalent 
added to the weight of water in the calorimeter and multiplied by 
the riso in temperature;, measures the total heat generated by com¬ 
bustion of the fuel and by subsequent cooling of the products, then, 
divided by the weight of fuel taken, gives its higher calorific value. 
Tho steam formed by burning the hydrogen or hydrocarbons 
present condenses on the walls of tho bomb, and its latent heat is 
included in tho quantity measured. 

The higher or gross calorific value of a fuel is the amount of heat 
given out in the complete combustion of unit weight of the fuel in 
oxygen, when the products of combustion are cooled down to the 
initial atmospheric temperature (15° C. or 60° F.) at which the 
oxygen is supplied. 

For comparative purposes, the higher calorific value of coal is 
usually the value found, either by experiment or calculation, on a 
sample of “ dry coal,” from which moisture has been driven off by 
heating the sample to 105° C. until its weight is constant, since the 
amount of moisture in coal changes with atmospheric conditions 
and the time of exposure. 44 Pure dry coal,” or 44 dry ash-free coal,” 
denotes the combustibles left in the coal after the coal is dried and 
the ash content also subtracted. The calorific valuo on a 44 moist 
coal ” basis, i.e. on a sample, as received and used, is the actual 
value generally required by the engineer. 

Moreover, in practice, the furnace gas rejected to the chimney, 
and tho exhaust products of combustion from the cylinder of the 
internal combustion engine, contain steam not condensed to water, 
and tho exhaust gases are not cooled to tho ordinary temperature 
before leaving the engino. 

The lower or net calorific value is the heat obtained by the 
complete combustion of unit weight of the fuel in oxygon when the 
products are cooled down to 100° C., and the steam is not condensed 
to water at 100° C. 

The latent heat per pound of steam at 100° C. is 539 C.H.U., 
or 970 B.Th.U., and cooling of the condensed water from 100° C. 
to 15° C., gives 85 C.H.U. The heat given out by 1 lb. of steam 
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at atmospheric pressure in condensing and cooling to 15° C. is 
539 + 85, or 624 C.H.U. Since 1 lb. of hydrogen when burnt forms 
9 lb. of steam, the difference between the higher and lower calorific 
values of hydrogen is 9 X 624, or 5,616 C.H.U. Therefore, the 
lower calorific value of hydrogen is 34,500 - 5,616, or 28,884, which 
may be taken in round numbers as 28,900 or 29,000 C.H.U. per lb., 
corresponding to 29,000 X 1*8, or 52,000 B.Th.U. per lb. 

The mean specific heat of carbon dioxide is 0*21, and 1 lb. of 
carbon completely burnt gives 11/3 lb. carbon dioxide, which 

in cooling from 100° to 15° C., gives out X 0*21 x 85°, or 

65*45 C.H.U. Thus the lower calorific value of carbon is 8,080 - 65, 
or 8,015 C.H.U. per lb. This correction for carbon is usually 
neglected. 

Experiment shows that r when carbon is burned in oxygen to 
carbon dioxide, the amount of heat evolved per unit weight depends 
on the variety of carbon taken, whether diamond, graphite, wood 
charcoal, or amorphous carbon, and the higher calorific values 
vary accordingly, from 7,800 to 8,140 C.H.U. per lb. 

The heat given out in converting solid carbon into carbon dioxide 
is less than that evolved in converting the same weight of carbon in 
a liquid or gaseous hydrocarbon into the same product, becauso 
the heat used up in changing the physical condition of the solid 
carbon is greater than that required to separate it from the hydrogen. 

The calorific value of a simple hydrocarbon, like CH 4 or C 2 H 4 , is 
different from the sum of the calorific values of its chemical con¬ 
stituents when burned separately, and depends upon the chemical 
constitution, or, on the way in which the carbon and hydrogen are 
combined in the fuel. Thus 1 lb. of marsh gas, CH 4 , consists of 
0*75 lb. of carbon and 0*25 lb. of hydrogen. The total amount of 
heat given out by burning these weights of each constituent sep¬ 
arately in oxygen, when free, is 0-75 X 8,080 + 0*25 x 34,500, equal 
to 14,685 C.H.U. The actual value found by burning marsh gas 
in a calorimeter is 13,100 C.H.U. per lb. The difference, 1,585 
C.H.U. per lb., must bo used up in tearing the constituents in the 
compound apart in the process of combustion, which is found to be 
very complicated. 

The heat energy spent in doing internal work, tearing the par¬ 
ticles of carbon and hydrogen asunder, must necessarily vary with 
the arrangement or internal combination of tho particles in the 
molecule. Liquid hydrocarbon fuels consisting of light volatile 
paraffins are chemically unstable compounds, of low ignition point, 
and their normal rate of burning is very rapid. Tho aromatic 
hydrocarbons, benzene and toluene, have greater chemical stability 
and high ignition temperature. 

Again, 1 lb. of acetylene, C 2 H 2 , consists of 0*923 lb. of carbon 
and 0*077 lb. of hydrogen. The heat evolved by burning each 
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constituent separately in oxygen is 10,100 C.H.U. per lb. of acety¬ 
lene. But, in burning 1 lb. of acetylene in a calorimeter, the heat 
evolved is 12,000 C.H.U., that is, 1,900 C.H.U. more than the con¬ 
stituents give out. Berthelot found that acetylene is an endothermic 
compound, that is to say, it can be formed by direct combination of 
carbon and hydrogen, with absorption of heat at intensely high 
temperature, as in the electric arc between pencils of retort carbon 
in an atmosphere of hydrogen. This is an example of the direct 
synthesis , or building up, of a hydrocarbon from its elements. 

The calorific value of a fuel can only be determined with accuracy 
by direct experiment in the calorimeter. 

It is obvious, from the results of experiment, that a general formula 
given for calculating the calorific value of any kind of fuel from 
the ultimate analysis can only give approximate results. 

Example 9. Tho volumotric analysis of the flue gas of a locomotive boiler 
was CC) 2 , 15*0 ; CO, 2*2 ; 0 2 , 1*6 ; N 2 , 81*2 per cent. The coal had a calorific 
valuo of 8,250 C. FT.U. per lb. and contained 85 per cent of carbon. The weight 
of cinders and ashes collected per pound of coal fired was 0*18 lb., and these 
contained 62 per cent of carbon. Determine the percentage of the calorific 
valuo of the coal which was actually produced as heat in the furnace. 

If tho efficiency of heat transmission through the tubes was 75 per cent, 
what was the evaporation from and at 100° C. per lb. of coal fired ? One 
pound of carbon burnt to CO gives 2,420 and to C0 2 8,080 C.H.U. 

(U.L., B.Sc. {Eng .), 1924.) 

The calorific value of cinders and ashes 

= X 8,080 C.H.U. per lb. 

100 

the heat lost in cinders and ashes per pound of coal fired 

= 0 18 X 0-62 x 8,080 C.H.U. = 901-73 C.H.U. 

The proportion by weight of carbon in 15 parts by volume of 
C0 2 is 15 X 12 = 180, and tho carbon in 2-2 parts by volume of 
CO = 2-2 x 12 = 26-4. 

The total weight of carbon is 206*4, and the fraction of this 
26*4 1-1 

burnt to CO is ^ /w> - — -r—; But the heat lost or unproduced by 
206-4 8-6- 

1 lb. of carbon burnt to CO is 8,080 - 2,420 = 5,660 C.H.U. 

/. the heat lost per pound of carbon in furnace gas 

= 5,660 X = 724 C.H.U. 
o-b 

loss per pound of coal fired, by incomplete combustion, is 
0-85(1 - 0-18)724 = 504-6 C.H.U. 
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the heat actually produced in the furnace per pound of coal 
fired is 8,250 - 901-73 - 504-6 = 6,844 C.H.U., 
and the percentage of the calorific value actually produced is 


6,844 

8,250 


X 100 = 83 per cent. 


Answer, 


Again, the transmission of heat through the tubes is 


6,844 x 0-75 = 5,133 CH.U, 


and, since the latent heat of evaporation is 539 C.H.U. per lb. of 
water, the equivalent evaporation from and at 100° C. per pound of 
coal fired is 


5,133 

539 


9-523 lb. 


Answer. 


Liquid Fuels. Crude petroleum oil issuing from wells in America, 
Russia, Iran, Iraq and other countries varies in physical and 
chemical properties, and is a mixture of many solid, liquid and 
gaseous hydrocarbons. The individual hydrocarbons may be 
grouped into different series of compounds, each group having its 
own particular chemical properties. 

Those of most importance as internal combustion engine fuels 
arc— 

(a) The Paraffins C n H 2n + 2 Saturated chain compounds 

(b) The Olefines C n H 2n Unsaturated chain compounds 

(c) The Naphthenes C n H 2n Saturated ring compounds 

(d) The Aromatics C n H 2n _ 6 Unsaturated ring compounds 

Examples are— 

(a) Methane CH 4 (gas), Heptane C 7 H 16 (liquid), Octane C 8 H 18 
(liquid). 

(b) Butylene C 4 H 8 

(e) Cyclohexane C 6 H 12 

(d) Benzene C G H 6 . 

In general as the value of n increases in the formula, so the 
substances vary from gases, through liquids of varying density and 
boiling points, to solids. Methane and other gaseous hydrocarbons 
are dissolved or held in solution and the lighter constituents are 
extremely volatile. 

Separation is carried out by fractional distillation, and various 
refining processes. According to the distillation temperature range, 
the following commercial products are obtained: (i) light oils such 
as petroleum ether and the petrols, (ii) burning oil such as paraffin, 
(iii) light and heavy fuel, oils, including so-called Diesel oil, (iv) 
lubricating oils, (v) paraffin wax and petroleum jelly. 

Apart from fractional distillation, the heavier fractions are heated 
and distilled under pressure at a temperature higher than their 
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normal boiling points, thus decomposing them into lighter fractions. 
This process called “cracking” is taken advantage of to obtain a 
larger yield of the lighter oils required in the petrols. 

Table VII gives the properties of typical liquid fuels. 

TABLE VII* 



Composition 
per cent by 

Boiling 

Specific 

Gravity 

Cal. 

Value 

Cal. 

Value 


C 

weight 

11 S 

Range 
° F. 

Gross 
B.Th.U./ 
lb. 

Net 

B.Th.U./ 
lb. 

ITeptane C 7 H la 

83-9 

10-1 


208-5 

009 

20,808 

19,278 

Average petrol 

85-4 

14-6 

Small 

93-374 

0-74 

20,232 

i 18,900 

Paraffin 

86-3 

130 

01 

284-536 

0-79 

20,052 

18,750 

Diesel oil 

80-3 

12-8 

0-9 

| 350-572t 

0-87 

19,800 

18,540 

Heavy fuel oil 

86-1 

118 

21 

| 482 upwards 

0-95 

18,900 

17,794 


A motor fuel known as “Benzoic Mixture,” consisting chiefly of 
benzene, toluene and xylene, is obtained as a by-product from the 
distillation of coal in gas works. As the aromatics have good 
anti-knock properties, this mixture has this advantage as a motor 
fuel. Its freezing point is, however, comparatively high (pure 
benzole being 41-7° F.), and hence its use mixed with ordinary 
petrol is advisable. Properties of a typical benzole mixture are— 


Composition 
per cent 
CHS 

Distillation 

Range 

°F. 

Density 

S.G. 

Calorific 

B.Th.U. 

Gross | 

Value 
per lb. 

Net 

91-65 8-05 0-30 

174-338 

0-88 

| 18,045 

17,280 


The alcohols obtained by fermentation of vegetable matter are 
good motor fuels. The two most common ones are methyl alcohol 
(CH 3 OH) and ethyl alcohol (C 2 H 5 OH). When used as fuels they are 
denaturatcd to make them unfit for drinking. In some cases some 
small proportion of hydrocarbon fuel is added. Although the calorific 
value is lower than that of the petrols, the alcohols have a high 
latent heat. Alcohol has also good anti-knock properties. Table 
VIII shows approximate figures for ethyl alcohol and a typical 
methylated spirit mixture. The calorific value of the methylated 
spirit mixture depends on what additions arc made. 

Crude shale od can be obtained from bituminous shales found as 
natural deposits *.n many countries. It is distilled from shale oil at 
high temperatures, and is a dark viscous fluid resembling crude 

* Somo figures abstracted from Technical Data on Fuel by II. M. Spiers, 
t 50 per cent over. 
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natural petroleum. The fractionation varies in detail and the pro¬ 
ducts include petrol spirit, paraffin oils, and heavier oils which can 
be used as fuels in oil engines. The resources in Great Britain are, 
however, very small compared to the demand. 


TABLE VIII* 


Composition per cent 

Distilla¬ 

tion 

Specific 

Gravity 

Calorific Value 
li.Th.U. per lb. 


C 

H 

0 

S 

Range 

°F. 

Gross 

Net 

Ethyl Alcohol 

52 

13 

35 

0 

78-3 

0-70 

12,770 

11,530 

Methylated Spirit 

71 

115 

17-5 

Small 

70-200 

0-82 

15,840 

14,740 


Example 10. The analysis by weight of petrol, of specific gravity 0*72, is 
C, 84*6 ; H 2 , 15*4 per cent. Calculate, (a) the higher and lower calorific values 
of the petrol ; ( b) the cubic foot of air required for complete combustion of 
l lb. of petrol ; (c) the heat energy evolved by the combustion of 1 cu. ft. 
of the explosive mixture, which contains 2 per cent by volume of petrol 
vapour with air, in the engine cylinder. Given : the lower calorific value, 
in B.Th.U. per pound of carbon, and hydrogen in a liquid hydrocarbon is 
13,500 and 52,200 respectively. The heat noeded to vaporize the petrol is 
140 B.Th.U. per pound; and lib. of air occupies 13 cu. ft. at the atmo¬ 
spheric pressure and temperature ; also the density of petrol vapour is 3*26 
times that of air. 

(a) The net heat given out by 1 lb. of liquid petrol in burning 
to C0 2 , the steam formed being cooled only to 100° C. is— 

Carbon 0-846 x 13,500 - 1 1,421 B.Th.U. 

Hydrogen 0-154 x 52,200 - 8,039 

and therefore the lower calorific value — 19,460 B.Th.U. per lb. 


The steam formed from the hydrogen is 0-154 x 9 = 1-386 lb. 
The latent heat of the steam at 212° F. is 970 B.Th.U. per lb., and 
the condensed water cooled to 60° F. has 212 - 60, or 152 B.Th.U. 
abstracted ; a total of 1,122 B.Th.U. per lb., that is, for the amount 
of steam formed, 1-386 X 1,122 = l,555B.Th.U. This heat is usually 
deducted from the higher calorific value to give the lower value ; 
therefore, the higher calorific value is 19,460 + 1,555 = 21,015 
B.Th.U. per lb. 

Since petrol vapour at 60° F. is 3-25 times heavier than air, 

13 

1 lb. of the vapour occupies -— = 4 cu. ft. ; and 1 lb. of liquid 

o'Zo 

petrol, of specific gravity 0-72 at 60° F., occupies 0 0223 cu. ft. 
The calorific values deter mined by experiment in the bomb calori¬ 
meter are given from the liquid state. If the petrol were all in the 


* Extracted from Technical Data on Fuel , by H. M. Spiers. 
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state of vapour before combustion in the explosion engine cylinder, 
its lower calorific value would bo increased by that part of the 
heat of combustion which is needed to vaporize the liquid petrol, 
and which does not appear as heat in the determination by the 
calorimeter. Hence the latent heat of evaporation should be added 
to the lower calorific value of the liquid to give the available heat 
of combustion of 1 lb. of petrol vapour: that is, 19,460 + 140 = 
19,600 B.Th.U. More correctly, the latent heat of the fuel at 
constant volume only should be added, which is less than the latent 
heat at constant atmospheric pressuro by the equivalent of the work 
done in the expansion or change in volume from liquid to vapour, 
14-7 v 144 

namely, 140 - —~ -(4 - 0*0223) = 130 B.Th.U. nearly, or 

11 o 

14 

about — of 140 B.Th.U. at constant pressure, (see p. 245). 


(b) Again, the oxygen required for the complete combustion of 
the carbon and hydrogen in 1 lb. of petrol is 

0-846 X | + 0 154 x 8 = 2-256 + 1-232, or 3-488 lb. 

O 

Air contains 23*1 per cent by weight of oxygen, and the air 

3*488 

required to supply 3*488 lb. of oxygen is q T ^T = ^ ^ i.e. the 

ratio of air to petrol by weight is 15*1 to 1 lb.; also the volumo of this 
weight of air, at 60° F. and 14*7 lb. per sq. in., is 13 X 15*1 = 196 
cu.ft. This air is 98 per cent of the correct explosive mixture, 
since the oil vapour occupies 2 per cent, and, therefore, the total 
volume of explosive mixture of 1 lb. petrol vapour with air is 
100 

196 X -gg, or 200 cu.ft. at ordinary temperature and pressure. 

Hence the volume of 1 lb. petrol vapour is 200 - 196, or 4 cu. ft., 
which agrees with the value found above. 

(c) The heat energy evolved by burning l cu. ft. of this mixture 


in the engine cylinder is 


19,600 

"200 


= 98 B.Th.U., or 76,244 ft-lb. If 


the mixture wore at 32° F. or 492° F. (abs.), instead of 60° F., and 
the same pressure, the heat energy liberated by burning 1 cu. ft. 
520 

would be 98 X ^ * or 103*57 B.Th.U ; and the heat energy per 


492 * 

cubic inch of the mixture is equivalent to 


103*57 X 778 
1,728“ 


= 46*6 ft-lb. 


Further, experiment shows that (at normal temperature and 
pressure) the specific volume of the products of combustion of 
petrol vapour and air is 1*05 times that of the mixture before com¬ 
bustion, and the total energy available by combustion becomes 
46*6 X 1*05, or 48*9 ft-lb. per cu. in. of the mixture 



TABLE IX. Oil Fuel Characteristics (H. R. Ricardo) 
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Properties of Hydrocarbons. Sir Harry R. Ricardo carried out 
an extensive experimental investigation* into the behaviour of 
various hydrocarbons and their influence as fuels on the performance 
of internal combustion engines. Table IX gives the heat values of 
different hydrocarbons, which are constituents of most of the 
available volatile hydrocarbon fuels. 

The heat of combustion of the fuel and air mixture is expressed 
in the equivalent foot-pounds of heat energy evolved by the com¬ 
bustion of 1 cu. in. of a mixture of fuel and air, measured at 
standard temperature and pressure, and in the proportion for 
complete combustion when all the oxygen in the air is combined. 
In hydrocarbon fuels like “ petrol ” (containing hexane, heptane, 
and octane), the specific volume of the mixture after complete 
combustion is greater than before it. There is thus an increase in 
the number of molecules in the working fluid mixture during com¬ 
bustion and the total internal energy of the burnt mixture is 
increased, since, at the same temperature, the pressure will be 
proportional to the number of molecules. Also the energy will be 
equal to the product of the heat of combustion of the fuel, when 
burnt with the necessary quantity of air, and the ratio of the specific 
volume after combustion to that before it. In the case of benzene 
and the mixture of the aromatic group (Table IX), known as 
“ benzol,” there is only a slight increase in specific volume, about 
2 per cent after combustion with the theoretical amount of air, 
about 51 per cent with the paraffins, and nearly 6 per cent increase 
in the alcohol and air mixture ; whereas for carbon monoxide and 
hydrogen the decrease is 15 per cent, and the mixture of coal gas 
and air also decreases in specific volume (pp. 196 and 197). 

Owing to the greater specific gravity of benzene and other aromatic 
hydrocarbons, their heat values per gallon are greater, and the per¬ 
centage of the hoat converted into work is also greater, than those of 
the paraffin series, although their calorific values per pound are lower. 

The last column gives the remarkable result, confirmed by many 
experiments, that, provided the fuel is completely evaporated and 
burned at suitable pressure in the engine cylinder, the energy content 
and the maximum power obtainable from all the various volatile 
hydrocarbon fuels, or from any combination of such fuels, is 
practically tho same, within narrow limits, except only the alcohols. 
In a case where the total internal energy is lower, the latent heat 
is generally higher, consequently the fuel-air mixture taken into 
the engine cylinder will be at a lower temperature, allowing a greater 
weight of charge to be admitted, with greater volumetric efficiency, 
sufficient to make up for the lower internal energy. 

For instance, the energy liberated by the combustion of a cubic 
inch, at standard temperature and pressure, of benzene-air mixture 
is a little lower than that of the paraffins which form the greater 
* The Automobile Engineer , 1921. 
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proportion of petrols. But the latent heat of benzene is much 
greater, i.e. 172, and the mixture called “motor benzole” 164 B.Th.U. 
per lb. Take the specific heat of the fuel 0*5, and that of air 0*2375. 
The heat capacity or water equivalent of the air-fuel mixture is 

13*2 x 0*2375 + 1 X 0*5 = 3*635 lb. 


If the latent heat of evaporation of benzene were taken from the 


mixture, its fall in temperature would be 


172 

3*635 


47*2° F. : whereas 


with the octane-aii* mixture the drop in temperature is only 31*4° F. 

The light and more volatile fractions of ordinary petrol consist 
of either hexane, cyclohexane, or benzene, and these render possible 
the starting of an engine from cold, by “ flooding ” the carburettor 
to give an over-rich mixture. 

It will be seen by tho Tables IX and X that, of these volatile 
constituents in petrol, the air to fuel ratio is about 14*7 : 1, to form 
mixtures giving complete combustion. For ethyl alcohol, ‘ of the 
weight of air in tho mixture must consist of fuel vapour. The 
average latent heat of evaporation, in B.Th.U. per pound, of petrols 
is about 135, motor benzole 164, and ethyl alcohol 397. The latent 
heat absorbed in vaporizing 1 lb. of alcohol is 2*5 times that taken 
by 1 lb. of petrol ; and T6 times the weight of alcohol is required to 


TABLE X 


Oil Fuels—Experimental Results (//. /?. Ricardo ) 


Fuel 

Specific 

Gravity 

Approximate Composition 
Percentage by Weight 

Ratio, 

\ir 

Weight 
for com¬ 
plete 
com¬ 
bustion 

Lower 
Calorific 
Value, in¬ 
cluding its 
Latent 

Latent 
lleat of 
evapo¬ 
ration, 
ll.Th U 
per lb. 


at 15° C. 

Par¬ 

affins 

Aro¬ 

matics 

Naph¬ 

thenes 

Heat of 
evaporation 
li.Th.U. 
per lb 

Aromatic Free Petrol 

0-718 

63 

1-7 

35 

15-05 

19,200 

133 

“ A ” Petrol . . . 

0-782 

26 

39-0 

35 

14-3 

18,580 

142 

“ B " „ . . . 

0-723 

62 

14-9 

23 

14-7 

19,020 

140 

“ C ” „ ... 

c-727 

61 

8-5 

30-5 

14-8 

19,120 

135 

“ D ” „ ... 

0-760 

38 

14-6 

47 

14-6 

18,890 

132 

“ E ” „ ... 

0-719 

68 

11-3 

20 

14*9 

19,090 

133 

“F" „ . . . 

0-704 

80 

4-3 

15-2 

15 

19,250 

134 

" H M ,, . . . 

0-767 

10 

4-8 

85 

14-7 

18,920 

145 

Heavy Aromatics 

0-885 

— 

71-5 

— 

13-5 

18,030 

136 

Kerosene 

0-813 

— 

— 

— 

150 

19,100 

108 

Paraffin Series 








Hexane (80% pure) . 

0-685 

77 

2-7 

20 

15*2 

19,390 

156 

Heptane(97% pure) . 
Alcohol Group 

0-691 

100 , 
W ater 

up to 0-2 


15*1 

19,420 

133 

Kthyl Alcohol, 98-6% 

0-798 

1-5 to 2 


— 

8-95 

11,840 

397 

Ditto (95 vol %) 
Methyl Alcohol (Wood 

0-815 

7 

■— 

— 

8-4 

11,125 

— 

Naphtha) . 

0-829 

— 

— 

— 

6-5 

10,030 

500 app. 

Methylated Spirits 
£ther (50% with 

0-821 

7 

— 

— 

8-0 

10,580 

460 app. 

Petrol) . 

0-727 

2-5 


50% by 
vol. pet’l 
aromatic 
free 

13-0 

1 

16,830 

180 app. 
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give an inflammablo mixture with a given cylinder full of air, bo 
that 4 times the quantity of heat is required to give a combustible 
vapour mixture with alcohol as compared with petrol. 

With petrol “ F,” a light aircraft spirit of boiling range 60° to 
150° C., which has a vapour pressure of 68 mm. mercury at 0° C., 
an engine is easily started from cold. 

The available energy of each fuel when burnt in the state of vapour 
in the engine cylinder is taken equal to its lower calorific value in 
the liquid state as burnt in the bomb calorimeter, plus its latent 
heat of evaporation, because this amount of heat is added in 
vaporizing the liquid fuel. 

Gaseous Fuel has several well-recognized advantages over solid 
fuels : (1) Gas can be made in bulk from coal, and economically 
distributed through pipes ; (2) complete combustion is obtained 
under ideal conditions with a minimum excess of air, and without 
smoke or dust nuisance ; (3) the rate of combustion of gas is 

completely under control, and can be varied at will; (4) higher heat 
intensity or temperature is attained with gas than with solid fuel, 
and the cost of fuel for a regenerative gas-fired steel furnace is 
much less than that of a coal-fired furnace, owing to the quality 
and consumption of coal required. 

Gas Calorimeter. Instead of making a chemical analysis of 
liquid or gaseous fuel to estimate its calorific value by calculation 
from the combustible constituents burnt separately, a far simpler, 
better, and more practical way is to determine the calorific value 
of the gas directly during the engine trial by burning it with air 
in a gas calorimeter similar to that devised by Junker or Professor 
C. V. Boys. 

The Junker calorimeter, Figs. 70 and 71, consists of a combustion 
chamber, C, surrounded by a water jacket, fitted with a large 
number of thin copper tubes shown in sectional plan, Fig. 71. 
A current of cold water enters the water jacket at the bottom by 
an annular space, with perforated ring to distribute and steady the 
flow. The water surrounds the tubes and flows upwards at a steady 
rate under a “ head,” kept constant by the overflow at the funnels 
in the supply and discharge vessels. There are also baffle plates at 
the top of the water jacked. The rate of flow is regulated by means 
of a cock with a pointor and graduated dial at the inlet to the 
calorimeter, in order to adjust the rise of temperature in the 
calorimeter. 

The products of combustion of the gas or oil vapour, from the 
burner in the combustion chamber, enter the copper tubes at the 
top, as shown by the arrows, pass downward , and escape by a butterfly 
valve. The heat evolved by the combustion passes through the 
large surface of thin copper to the cooling water, and the burnt 
products are reduced practically to atmospheric temperature by the 
coldest water around the lower end of the tubes. The steam, formed 
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by burning the hydrogen in the hydrocarbons, is condensed inside 
the tubes, and after their surface is all wetted, the water drips down 
and is collected in a small measuring glass. The latent heat of this 
steam, given to the circulating water and to be subtracted from the 
total heat, is determined from the amount of condensed water 



formed per cubic foot of gas burned. This water is also a measure 
of the hydrogen content of the gas or oil fuel. The water jacket 
is surrounded by an annular air space, closed at the top, which, with 
the polished nickel-plated outer surface, greatly reduces loss by 
radiation. 

The gas to be burned is passed through a small meter, reading to 
one hundredth of a cubic foot, and fitted with a gas governor or 
regulator to ensure constant pressure, which is measured by a 
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U-shaped water gauge manometer tube. The barometer reading 
must also be taken to obtain the absolute pressure of the gas supply. 
The temperature of the gas leaving the meter is observed so that 
the cubic feet of gas burned may be reduced to standard temperature 
and pressure. The size of the flame and its position in the com¬ 
bustion chamber can be adjusted. The flame can bo seen during 
a test by a mirror placed below the combustion chamber. When 
the flow of water is adjusted, the temperature of the outlet water is 
constant, and the drip of the condensed water steady, measurements 
are to be made of the cubic feet of gas burned, and the cooling 
water passed through the calorimeter in the same time is collected 
and weighed ; the outlet and inlet temperatures are observed every 
minute to obtain the mean rise in temperature, and the condensed 
water collected and weighed. The latter may be collected from the 
gas burned for a longer period. The temperature and pressure of 
the gas supply is noted ; also the reading of the barometer. In this 
way the higher and lower calorific values are determined without 
the trouble of collecting samples and without any chemical analysis. 

The Boys calorimeter works on the same principles as the 
Junker, but the water passes through a spiral coiled tube, the hot 
gases passing up and down round these tubes before passing to the 
atmosphere. 


Example 11. The gas used in a gas engine trial was tested in a Junker 
calorimeter and the following results were obtained : gas bunted in calori¬ 
meter, 2*13 cu. ft. ; pressure of gas supplied, 21 in. of water; temperature 
of gas, 11*7° C. ; weight of water heated by gas. 50 3 lb. ; mean temperature 
of water at inlet, S*G° C., and at outlet, 22*4° (’. ; steam condensed during 
test, 0-110 lb. ; and temperature of steam condensed during test, 25° C. 

Determine the higher and lower calorific values of the gas per cubic foot at 
15 0° C., and barometric pressure 30 in. of mercury. (Specific gravity of 
mercury ~ 13-6.) (U.L., li.Se. {Eng.).) 


Barometer, 30 in of mercury = 14*7 lb. per sq. in. ; 1 in. of 

147 

mercury is = 0*49 lb. per sq. in. ; and 1 in. of water column 
0-49 

= n — 0 036 lb. per sq. in.; so that 2*1 in. of water = 0-036 X 2-1, 
13-6 

or 0 07561b. per sq. in. Therefore, absolute pressure of gas supply 
is 14*7756 lb. per sq. in. 

The temperature of gas 11*7° C. + 273° = 284-7° C. (abs.), and 
the volume 2*13 cu. ft. is to be reduced to that at 15-6° + 273, 
or 288-6° C. (abs.). 

Lot p v v ly T x and p> v, T bo the observed and standard pressure, 
volume, and temperature respectively, then 


pv p t Vi 
T T x 


v — v x 
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Hoat given to raise 50*3 lb. water from 8-6° C. to 22-4° C. is 
50*3(22*4 - 8*6) — 694*14 C.H.U. This includes the latent heat of 
steam, 539 C.H.U. per lb. at atmospheric pressure, and cooling of 
condensed water from 100° C. to 25° C. = 75 C.H.U. per lb., or a 
total 614 C.H.U. per lb. Hence tho condensed steam gives out 
0116 X 614 = 71*22 C.H.U. The heat available in the engine 
cylinder from the gas burned = 694-14-71*22, or 622-92 C H.U., 
when the steam in the burnt products is cooled only to 100° C. 

Therefore, higher calorific value of tho gas is 
694-14 

= 320 C HU * P er cu - ft * 

and the lower calorific value of the gas is 
622-92 

■ - = 287 C.H.U. per cu. ft. Answer. 

2-17 r 

These results, multiplied by 1-8, give the calorific values in 
B.Th.U. per cubic foot. 

In order to determine the calorific value of liquid fuels , when 
burned with air at constant pressure , a Primus lamp, fitted with a 
vaporizing coil and special burner, may be used. The oil to be 
tested is poured into the cistern of the coil lamp and, when the coil 
is heated by burning a little methylated spirit under the coil to 
start the lamp, air is pumped into the cistern. When the flame 
is steady and indicating complete combustion, tho lamp is clamped 
to one arm of a special balance with counterpoise weight. The coil 
burner hangs freely in the combustion chamber of the Junker 
calorimeter, which is raised on longer legs than when a Bunsen 
burner is used for gaseous fuels. 

The weights in the scale pan are adjusted for balance when the 
heated water from the calorimeter has attained a constant tem¬ 
perature. At the instant when the long pointer of the balance is 
passing zero on the dial, remove a weight from the. scale pan and 
collect the water flowing through the calorimeter at a steady rate ; 
observe its mean rise of temperature until the pointer is again 
passing the zero, balance having been restored by the weight of oil 
burned. The heat given to the water is thus measured for a known 
weight of liquid fuel burned, the usual readings having been taken 
as when gas is burned. 

Again, after adjustment of the flame; and balance, another weight 
may be taken off the scale pan, and further readings noted to verify 
the previous determination. The steam formed by burning the 
liquid fuel is condensed in the water jacket and collected in order 
to obtain the lower calorific value of the fuel. 

Heavy oil fuels, that are viscous and difficult to evaporate, are 
mixed with petrol or other light oil of known calorific value, and 
the calorific value of the mixture obtained, care being taken to 
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avoid partial volatilization of the petrol or light oil in the mixture 
before combustion. 

Calculation of Calorific Value. In order to calculate the calorific 
value of a gaseous fuel, average samples of the gas are taken, and 
complete chemical analysis made to find its composition. By 
reckoning the sum of the calorific values of all the constituent 
combustible gases when burned separately as free gas, an estimate 
is made of the amount of heat evolved by the complete combustion 
of a cubic foot of the gaseous mixture, and in the subsequent cooling 
of the burnt products. The complete analysis requires skilful 
chemical manipulation in the separation and determination of the 
quantity of the various heavy hydrocarbons present. The chemical 
analysis gives the volume or weight of each gas present in the 
compound or mixture, but affords no clue as to the chemical con¬ 
stitution, or the way in which the elements are held together, or 
how the constituent gases interact during combustion at the high 
temperatures in the cylinder of the internal combustion engine. 

An example or two will illustrate the method of calculation— 

Example 12. A coal gas gives the following volumetric analysis : II 2 , 0*48 ; 
CH 4 , 0-31; CO, 0110; N 2 , 0-020 ; CO ? , 0-035 ; C t H 4> 0-025 ; 0 2 , 0 020. 
Calculate the higlu-r calorific value of this gas, employing the usual carbon 
and hydrogen figures, viz. lib. C, burning to CO, evolves 2,420 C.H.U. ; 
burning to C() 2 , 8,080 C.1I.U.; 1 lb. H 2 , burning to H a O, evolves 34,000 C.II.U. 

State the assumptions made in such a calculation. Compare the result 
with tho valuo obtained when the following calorific values for the different 
constituents are used. Calorific values, C.II.U. per cubic foot, H if 191 ; 
CH 4 , 575 ; CO, 188 ; C 2 H 4 , 930. 

(U.L., B.Sc. (Eng.), 1921.) 

Given tho calorific values of C and H 2 per pound in order to 
estimate the calorific values of the hydrocarbons present, it is 
assumed that the calorific values of CH 4 and C 2 H 4 are equal to the 
sum of the calorific values of the carbon and hydrogen present, as 
free elements, when burned separately, without knowing either the 
amount of heat energy used up in the decomposition of the gases 
or the interaction that may take place between the different gases 
in tho process of combustion. 

Taking the density of hydrogen at normal temperature and pres¬ 
sure equal to 0*00559 lb. per cu. ft., the weight of 1 cu. ft. of any 
gas is equal to half its molecular weight multiplied by 0*00559 lb. 

12 4- 4 

Hence the density of CH 4 = — ^ x 0*00559, or 0 0447 lb. per 
cu. It.; and of C a H 4 = ^U 2 --- 4 X 0 00559 = 0 07826 lb. per 

cu. ft.; also CO = X 0 00559 = 0 07826 lb. per cu. ft. 

A 
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12 3 1 

Now 1 lb. of CH 4 consists of C = j^or — lb., and hydrogen —lb., 

so that these constituents, burning separately, evolve 

f X 8,080 + i X 34,000 C.H.U. = 6,060 + 8,500, 
or 14,560 C.H.U. Therefore the calorific value of 1 cu. ft. of CH 4 , 
which weighs 0-0447 lb., is 14,560 X 0 0447 = 650 C.H.U. 

24 6 

Similarly, 1 lb. of C 2 H 4 contains carbon, — or — lb., and hydrogen 

I 

j lb., which, in burning, evolve 

f X 8,080 + i x 34,000 = 6,926 + 4,857, 
or 11,783 C.H U., and 1 cu. ft. of C 2 H 4 lias calorific value 
0-07826 X 11,783 = 922 C.H.U. 

12 

Again, the weight of C in 1 cu ft. of CO = 0 07826 X = 0-03354 lb. 
calorific value of CO 

= 0-03354(8,080 - 2,420) = 190 C.H.U. per cu. ft. 

The calorific value of hydrogen 

= 0-00559 X 34,000 = 190 C.H.U. per cu. ft. 

Hence the calorific value of this coal gas 

= 0-48 X 190 + 0-31 X 650 + 0-11 X 190 + 0-025 x 922 
= 91-2 + 201-5 + 20-9 + 23-0 
= 336-6 C.H.U. per cu. ft., at N.T.P. 

Using the calorific values given for the combustible constituents, 
the calorific value of the coal gas 

= 0-48 x 191 + 0 31 X 575 + 0-11 X 188 +0-025 x930 
= 91-68 + 178-25 + 20-68 + 23-25 
= 313-86, or nearly 314 C.H.U. per cu. ft. 

== 314 x 1-8, or 565 B.Th.U. per cu. ft. Answer. 

Example 13. A producer gas has the following percentage analysis by 
volume : hydrogen, 16 ; carbon monoxide, 20 ; carbon dioxide, 6 ; nitrogen, 
58. Determine, (a) its higher and lower calorific value per cubic foot at 
standard temperature and pressure ; (6) the minimum amount of air for coni- 
plete combustion : (c) the volumetric analysis of the products, if combustion 
is complete. Calorific value of 1 lb. of carbon, burning to CO„ is 14,600 ; 
burning to CO, 4,400 ; of hydrogen, 62,000 B.Th.U. Composition of air by 
volume: oxygon, 21 ; nitrogen, 79 per cent. Volume occupied by 21b. of 
hydrogen is 357 cu. ft. at standard temperature and pressure. 

(U.L., B.Sc. (Eng.).) 

2 

(a) Given the weight of 1 cu. ft. of hydrogen = —- = 0-0056 lb. 
/12 + 16\ ° 

Density of CO is I —^— 1 X 0-0056 = 0-0784 lb. per cu. ft. 

' 12 

Weight of carbon in 1 cu. ft. CO is 0-0784 x ^ = 0-0336 lb. 
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The calorific value of 1 lb. carbon burning from CO to C0 2 

= 14,500-4,400 = 10,100 B.Th.U. 

and the calorific value of 1 cu. ft. of CO 

= 0 0336 X 10,100 = 339-36 B.Th.U. 

Again, the higher calorific value of H 2 is 

0-0056 x 62,000 = 347-2 B.Th.U. per cu. ft. 

Now lib. H 2 forms 91b. steam, which gives out 970 B.Th.U. 
per lb. in condensing at 212° F. (100° C.), and, in cooling as water 
from 212° to 60° F., 152 B.Th.U., that is, 1,122 B.Th.U. per lb. 
Hence 9 lb. of steam gives out 1,122 x 9 = 10,098 B.Th.U. 

the lower calorific value of hydrogen 

= 62,000 - 10,098 = 51,902 B.Th.U. per lb. 

and the lower calorific value of hydrogen 

= 51,902 X 0-005G = 290-65 B.Th.U. per cu. ft. 

Hence the lowor calorific value of the producer gas, by burning 
its content of H and CO, 

0-16 x 290-65 + 0-2 X 339-36 = 46-5 + 67-87 

= 114-37 B.Th.U per cu. ft. 

and the higher calorific value is 

0-16 x 347-2 + 0-2 x 339-36 = 123-4 B.Th.U. per cu. ft. 

Answer. 


(b) 2H 2 + 0 2 = 2H 2 0 and heat produced 

2 volumes H takes 1 volume O to form 2 volumes of steam 

0-16 cu. ft. H takes 0-08 cu. ft. 0 to form 0-16 cu. ft. of 
steam 

Also 2CO + 0 2 = 2CO a and heat evolved 

2 cu. ft. H takes 1 cu. ft. O to form 2 cu. ft. C0 2 

0-2 cu. ft. H takes 0-1 cu. ft. 0 to form 0-2 cu. ft. C0 2 

Hence the oxygen required for complete combustion of 1 cu. ft. 
producer gas is 

0-08 + 0-1 = 0-18 cu. ft. 


and the minimum amount of air necessary to supply this oxygen is 

018 x ^r = ? cu - ft 


Answer. 
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(c) The products from the combustion of 1 cu. ft. of producer 


gas are— 

cu. ft. 


o/ 

/o 

Steam (H 2 0) 

-016 . 

* 100 - 

9-63 

CO a - 0-2 cu. ft. 

0-06 cu. ft. in gas 

| = 0-26 . 


15-51 


70 J 1.057 

Nj in air supply = — x -— — 0-677 ( 1-257 . . -— X 100 = 74-96 

xr • ■/ 7 100 A ra \ 1-677 

N, in gas itself -- 0-58 / 

Total Products — 1-677 lOO’OO 

Answer. 

Nataral gas consists mainly of methane or marsh gas, formed by 
the decomposition of organic matter, and may be disengaged in any 
stagnant pool by stirring the mud. The escaping gas contains 
nearly equal parts by volume of methane and nitrogen, with 3 per 
cent carbon dioxide. Coal seams contain occluded gases, and 
methane in a “ blower ” is known to the coal mirier as fire damp . 

The occluded gas in some freshly-won steam coals contains : 
CH 4 , 60 to 80 per cent; other hydrocarbons, 6 to 8 per cent ; and 
C0 2 , 1 to 12 per cent by volume ; also CO. 

Natural gas dissolves in petroleum, and escapes therefrom, carry¬ 
ing with it part of the oil vapour, which condenses when the gas 
is compressed. 

The paraffin constituents, chiefly methane and ethane, in the 
Pittsburg natural gas contain by weight, carbon 75-4 per cent, 
and hydrogen 24-6 per cent. An average analysis is : methane, 
87 ; ethane, 6-5 ; ethylene and carbon monoxide, each 0-2 per 
cent ; helium, 0*1 per cent ; the balance being made up of H 2> 0 2 , 
and N 2 . The specific gravity is about 0-61, and the calorific value 
493 C.H.U. per cu. ft. Many tests in the Junker calorimeter of 
natural gas containing CH 4 up to 95 per cent, give, in round numbers, 
555 C.H.U., or 1,000 B.Th.U. per cu. ft. at N.T.P. 

Coal gas is obtained by the distillation or carbonization of bitu¬ 
minous gas-coal in closed retorts, heated externally at high tem¬ 
perature to distil the hydrocarbons from the coal out of contact 
with the air, and yield crude coal gas which, when purified, is dis¬ 
tributed in towns for lighting, heating, and power purposes. The 
quality and quantity of the coal gas per ton of coal vary greatly 
with the composition of the coal carbonized, as well as with the 
temperature of the retorts, and the time the distillation is allowed to 
continue. 

Low temperature carbonization at 450° to 600° C. yields 2,000 
to 4,000 cu. ft. of gas per ton of coal; and high temperature, 
900° to 1,100° C. yields 10,000 to 13,000 cu. ft. of gas per ton of 
coal. 
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The gas formed at low temperature is rich in hydrocarbons, and 
the semi-coke contains up to 15 per cent volatile matter. The gas 
made at 950° C. consists of the combustibles H 2 , 40 to 50 ; CH 4 , 
25 to 35 ; other hydrocarbons, 2 to 5 ; and CO, 5 to 10 per cent, 
and has calorific value 500 to 600 B.Th.U. per cu. ft. 

The scarcity of cannel and rich gas coal for admixture with 
ordinary bituminous coal in the retorts, led to the use of hydro¬ 
carbons from oils to enrich the simple “ straight ” coal gas. The 
latter is also mixed with carburettcd water gas , produced by the 
action of steam on incandescent coke and enriched by the products 
from the vaporization of cheap hydrocarbon oils. This mixed gas 
contains a larger percentage of carbon monoxide. 

Table XI gives approximate properties of various gases. 

TABLE XI 

Composition of Gaseous Fuels 




Composition (per cent by volume) 

j 

Calorillc 
Value 
B.Th.U. 
per S.C.F. 


c 6 h 6 

H 2 

CO 

CO, 

N, 

C, 

Higher 

Lower 

Town Gas (Range) . 

15-30 

l f> 3-5 

48-52 

0-20 

1-5-0-5 

5-10 

0-1 

_ 

__ 

(Typical) 

25 0 

2 2 

49 C 

1 1-3 

2-4 

7 u 

0-7 

511 

459 

Coke Oven Gas 

2 .VO 

2 0 

54-5 

60 

20 

10-0 

0 5 

494 

443 

Water Gas 

0 0 

— 

49-2 

tO-7 

45 

4-9 

0-1 

310 

286 

Producer Gas . 

4-9 

— 

20-5 

21*0 

8*3 

45-3 

— 

190 

178 

Blast Furnace Gas 

... 

— 

10 

30 0 

110 ! 

5S-0 

— 

95 

— 

Natural Gas 

SO-7 

t-s 

5-4 

— 

—. 

01 

— 

915 

832 


A Gas Producer converts solid fuel into combustible gas. When 
1 lb. of carbon is burnt in air or oxygen to CO, the heat liberated is 
2,420 C.H.U., and, by completely burning this gas to C0 2 , additional 
heat, 5,660 C.H.U., is liberated, making the total heat of combustion 
of 1 lb. solid carbon 8,080 C.II.U. Thus the heat available in the 
CO gas, and evolved by burning it, is 70 per cent of the total heat 
obtained by completely burning the solid carbon. The remaining 
30 per cent of the total heat of the carbon is evolved and goes to 
raise the temperature in the fuel-bed. 

Rhead and Wheeler showed that when dry air or oxygen is passed 
over purified wood-charcoal or incandescent carbon, the primary 
product is a complex of carbon and oxygen, which rapidly decom¬ 
poses into a mixture of both CO and C0 2 in proportions which 
depend upon the temperature. Karl Wendt found by drilling holes 
through the wall of a gas producer, working with an air blast upon 
a fuel-bed of coke 7 ft. 6 in. in depth, that the gas at tho fire-grate 
consisted of C0 2 , 15 ; CO, 9*7 ; and N 2 , 75-3 per cent, and at 10 in. 
above tho grate tho temperaturo was 1,400° C., and the gas at that 
level consisted of CO, 34-1 ; C0 2 , 0-2 ; and N 8 , 65*7 per cent. 
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There are two ways by which solid carbon may be converted 
into CO gas. 

With excess of carbon above 1,200° C., or insufficient oxygen, by 
the reaction— 

2C + 0 2 = 2CO and heat liberated . . . . (1) 

that is, 24 lb. of C and 32 lb. of 0 2 form 56 lb. of CO, and the heat 
evolved is 24 x 2,420 C.H.U. 

Thus, 1 volume of oxygen combines with carbon to form 2 volumes 
of CO gas. If all the oxygen in the air is used up in forming CO, 

79*1 

the nitrogen in the air with 1 volume of oxygen is , or 3-785 

volumes, and the producer gas will consist of 2 volumes of CO 
mixed with 3*785 volumes of nitrogen. The composition of the 
gas is— 

N 2 — 3-785 — 65-4 per cent by volume 
CO = 2 0 = 34-6 

5-785 100 0 

The composition by weight will be the same as by volume, since 
CO and N 2 are of the same density. 

For the complete combustion of carbon with free oxygen in the 
lower layers of the fuel-bed, the reaction is 

C + 0 2 = C0 2 and heat liberated .... (2) 

that is, 12 lb. of carbon combined with 32 lb. of 0 2 give 44 lb. CO a 
and liberate 12 X 8,080 C.H.U. 

Again, this C0 2 may be reduced by carbon above 1,200° C., 

C0 2 + C = 2CO and heat absorbed 39,000 C.H.U. . . (3) 

This double process gives the final result, from 24 lb. of carbon, 
C + 0 2 + C = 2CO + (97,000 - 39,000) or 58,000 C.H.U., 
as in equation (1). 

All the oxygen in the air blast is quickly used up near the fire-bars 
and the mixture of C0 2 and CO formed in contact with the carbon, 
follows the reversible reaction, depending on the tomperattire, 

C + C0 2 2CO 

From 850° C. upwards, C0 2 is reduced to CO, and very little 
C0 2 remains above 1,200° C. ; whereas, from 250° to 500° C., the 
reaction is reversed and the products are C0 2 and C to the left. 

By the conservation of energy, the amount of energy required 
to decompose a compound substance is equal to the energy evolved 
in its formation. 

The 30 per cent (2,420 C.H.U. per lb.) of the total heat of the 
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carbon evolved in its partial combustion to form CO, goes to keep 
the fire alight and maintain the high temperature necessary. About 
8 por cent is lost by radiation and conduction, and a large pro¬ 
portion will raise the sensible heat of the gas. But the high tem¬ 
perature in the producer may become excessive, fuse the ash and 
slag, and form clinker, which may cause serious trouble by blocking 
the air passages. In order to avoid too high a temperature and 
to increase the efficiency of the producer by reducing the 30 per 
cent loss, part of the sensible heat may be used to generate steam 
to be added to the air blast. By the admixture of steam with the 
air passed into the producer, heat is absorbed in the decomposition 
of the steam, the oxygen of the steam combines with the carbon, 
and free hydrogen is added to the gas, while the temperature of the 
producer is under control by the proportion of steam in the blast. 

The gas formed in a producer burning carbon in a mixed blast 
of air and steam will consist of a greater proportion of the com¬ 
bustible gases H 2 and CO to the total volume of the producer gas 
than when the blast is air alone, and therefore the calorific value of 
gas will be higher. 

Water gas is produced by the interaction of superheated steam 
with incandescent carbon, and consists of a mixture, in nearly equal 
parts by volume, of the combustible gases hydrogen and carbon 
monoxide. Experiments by Dr. Bunte give the proportion of steam 
decomposed and the composition by volume of the gases formed at 
various temperatures— 


Temperature 
Degree C. 

Percentage 
of Steam 
Decomposed 

1 

Percentage Composition by Volume 
of Gas Formed 

Hydrogen 

(H 2 ) 

Carbon Monoxide 
(CO) 

Carbon Dioxide 
(CO,) 

074° 

8-8 

05-2 

4-9 

29-S 

758° 

25-3 

65-2 

7-8 

27-0 

838° 

410 

61*9 

151 

22-9 

954° 

70-2 

53-3 

39-3 

6-8 

1,010° 

94 0 

48-8 

49-7 

1-5 

1,000° 

950 

507 

480 

1-3 

1 25° 

99-4 

50-9 

48-5 

0-0 


The reaction between steam and carbon commences about 500° C. 
and below 600° C. only 8 per cent of steam is decomposed, and the 
products are principally carbon dioxide and hydrogen, i.e. the 
reaction is 

C + 2H 2 0= C0 2 + 2H 2 + 12 x 8,080-4 x 29,000C.H.U. . (4) 

= C0 2 + 2H 2 - 19,040 C.H.U. absorbed 
12 lb. C decompose 3G lb. steam, absorbing heat. 

As the temperature is raised, the C0 2 is reduced in the presence 
of carbon to CO, until above 1,000° C., the ideal reaction of carbon 






242 


APPLIED THERMODYNAMICS 


and steam in the manufacture of water gas gives CO and H 2 in 
equal volumes, thus— 

C + H 2 0= CO + H 2 + 12 X 2,420-2 x 29,000 C.H.U. . (5) 

= CO + H 2 - 28,960 C.H.U. 

12 lb. C decompose 18 lb. steam, absorbing nearly 29,000 C.H.U. 
from the heat of the incandescent fuel in the producer. 

The mixture of gases formed by the reactions (4) and (5) also 
interact, thus— 

above 1,000° C, C0 2 +H 2 = CO + H 2 0 - 10,000 C.H.U. absorbed, 
at 500° C, C0+H 2 0 = C0 2 + H 2 + 10,000 C.H.U. liberated, 
and the reaction is reversible— 


CO+ H 2 0 ^ C0 2 + H 2 ± 10,000 C.H.U. 

In the practical working of a gas producer, these gases undergo a 
chemical change, depending on the temperature, which results in a 
mixture of all four gases. Generally, increase of temperature 
favours the formation of CO, giving a richer gas and higher efficiency, 
while at low temperatures a higher percentage of C0 2 is obtained. 

CO x H O 

At any temperature above 500° C. the ratio - 7 ^—- I 2 — = K , the 

C0 2 X H 2 

“ equilibrium constant,” increases with the temperature. 

Oscar Hahn found the values of K to change from about 1 to 2-49 
at various temperatures between 800° C. and 1,400° C. 

The manufacture of water gas from coke is intermittent ; by alternate 
air blast or blow during 1 min. to raise the temperature of the coke 
to incandescence, followed by the superheated “ steam blow ” about 
4 min., when the ideal gas by reaction (5) is collected until the 
temperature falls too low. Then the “air blow” is repeated, 
and the “ steam blow ” passed alternately up and down through the 
incandescent fuel. 


Theoretical Weight 0 ! Steam Required per Pound of Carbon in a 

producer with mixed air and steam blast. The richest gas and 
maximum efficiency will be obtained by the ideal reactions (1) p. 240 
and (5) above. Assumo no heat loss by radiation, and that all the 
sensible heat of the gases leaving the producer arc used in raising 
steam utilized in the reactions, so that all the heat energy of the fuel is 
available. Then the amount of heat absorbed by the interaction 
of steam and carbon will be equal to the heat evolved by the 
formation of CO from carbon with the oxygen in the blast. 

By reaction (1) in the direct combination of 24 lb. of carbon with 
oxygen to form CO, the amount of heat liberated is 24 X 2,420, or 
58,080 C.H.U. 

By (5), above 1,000° C., every 12 lb. of carbon decompose 18 lb. of 
steam, and the heat absorbed is 28,960 C.H.U. Since H 2 0 is 
supplied to the producer as water, not as steam, and taking the 
temperature of water supply 17° C., the amount of heat required 
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to raise 1 lb. of this feed water to 100 ° C., and generate 1 lb. of steam 
at atmospheric pressure, is (100 - 17) + 539 = 622 C.H.U. 
Therefore 181b. of steam require 18 x 622, or 11,200 C.H.U. 
Hence the reaction of steam with 12 lb. of carbon absorbs 
28,960 -f- 11,200, or 40,160 C.H.U. ; and the weight of water needed 

58 080 

to take up the heat evolved in reaction (1) is 18 X 40X60 = 26 lb ‘ 

The carbon required for this weight of H 2 0 will be, by reaction ( 1 ) 

26 

241b., and by reaction (5) 12 X = 17*34, or the total carbon, 
41-34 lb. 

weight of water to form the steam decomposed per lb. of carbon 
26 

IS 41-34 = °' 63 lb ' 

In case it is necossary to work at the lower temperature, for the 
recovery of the nitrogen in the fuel as ammonia in the Mond type 
of gas producer, by reaction (4), 12 lb. of carbon, in decomposing 
36 lb. steam, absorb 19,040 C.H.U. + heat of formation of steam 
from water at 17° C., that is 36 X 622, or 22,390 C.H.U., or total 
heat 41,430 C.H.U. 

Weight of water required is 36 X = 50*47 lb. 

and the total weight of carbon is 


24 + 12 x 


24 + 16*82 or 40*82 lb. 


Weight of steam decomposed per lb. of carbon is 
t'S= 1-236 lb. 


Composition of the Ideal Producer Gas. By reaction ( 1 ) p. 240, 
24 lb. of carbon yield 56 lb. of CO gas. The weight of 1 cu. ft. of 
CO gas is 14 x 0*00559, or 0*07826 lb. ; hence 24 lb. of carbon give 
56 

0 07826 = 716 “ °< CO at N.T.I-. 

From reaction (o), 17-34 lb. carbon give 
28 x 17-34 

12 X 0 07826 = 517 CU ' ft - ° f C ° at N i P 
making the total yield of CO 1,233 cu. ft. 

Also, from the steam and 17*34 lb. C, the yield of hydrogen is 
2 x 17*34 fflry p ATrp ^ 
i2x 0 00561) ~ 617 C " tt atN r F - 
Again, by (1), the, total oxygen supplied is 321b. 

QO 

0r > r6XX00569 = 357 ' 8 CU - ft - at N T P - 


— 517 cu ft. at N.T.P. 


357*8 cu. ft. at N.T.P. 


9—(T.5434) 
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and, sinco air contains 79* 1 per cent by volume of nitrogen, the 
total nitrogen in the air with 357-8 cu. ft. of oxygon is 
791 

357-8 X ~ = 1,354 cu. ft. at N.T.P. 

The gas formed will be made up of 

CO — 1,233 cu. ft. = 39’73 per cont ) Combustible gases 

H t = 517 ,, — 16-65 ,, ( 56*4 per cont 

N, = 1.354 „ = 43 62 

Total 3,104 „ 100 00 

having higher calorific value = 107-3 C.H.U. per cu. ft. 
and its lower calorific value = 101-7 C.H.U. per cu. ft. 

The proportion of steam to the air supply controls the tem¬ 
perature of these reactions, as well as the yield of gas and its 
composition. 

Example 14. A gas engine uses producer gas which has a volumetric 
analysis: CO, 11; H a , 29; CH 4 , 1*8 ; CO a , 161; N„ 421. Calculate the 
volume of air required to completely bum a cubic foot of this gas. 

If the air supplied to the gas engine be 50 per cent in excess of this quantity, 
what is the calorific value of a cubic foot of cylinder mixture ? Calorific 
values of CO, H a , and CH 4 are 190, 162, and 535 C.H.U. per cubic foot respec¬ 
tively. What is the gas consumption per horse power hour if the engine 
efficiency is 23-6 per cent ? 

(U.L., B.Sc. (Eng.), 1922.) 


The oxygen required for complete combustion 
producer gas is— 

For 

co-tu 

= 0 055 cu. ft. (p. 196) 

r> 

H.-T 

= 0145 


„ CH 4 = 2x 0-018 = 0-036 

.*. total oxygen = 0-236 cu. ft., 

and air contains 20-9 per cent by volume of oxygen, 

. , 0-236 x 100 . loao ^ 

.. air required = -- = 1-1292 cu. ft. 

ZU't/ 


Answer. 


and 50 per cent excess air = 0-5646 ,, ,, 

making a total of 1-6938 cu. ft. 

The mixture of 1 cu. ft. of producer gas with excess air occupios 
2-6938 cu. ft. in the engine cylinder, and the combustible content 
evolves in burning, 

0-11 x 190 + 0-29 x 162 + 0-018 x 535 C.H.U. 

= 20-9 + 46-98 + 9-63 - 77-51 C.H.U. 
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Hence the calorific value of a cubic foot of cylinder mixture is 


Again, 1 H.P. hour = 33,000 X 60 ft-lb., 
equivalent 33>000 x 60 9 900 

= 1,400 = y~ CHU - 


If the thermal efficiency of engine is 

23*6 ___ Heat converted into work 
100 Heat supplied 


9,900 


1 


7 77*51 x cu. ft. gas 

gas consumption per horse-power hour is 
9,900 X 100 


7 x 77*51 x 23*6 


77*32 cu. ft. 


and its thermal 


Answer. 


Calorific Values and Latent Heats at Constant Volume and 
Constant Pressure. When the calorific value of a fuel is tested in a 
calorimeter it is the internal energy which is absorbed by the water 
passing through, or in the calorimeter. The fundamental energy 

equation states that Q = change of internal energy + j ^p . dv. 

Therefore a fuel which on combustion produces an increase in volume 
will show a smaller calorific value when burnt at constant pressure 
than when burnt at constant volume, although the heat liberated 
in both cases is the same. 

Hence when burning at constant volume 
Heat liberated — change in internal energy 
and when burning at constant pressure 
Heat liberated — change in internal energy 


p X increase in volume 


Hence for the same amount of heat liberated 


Calorific value at constant volume = Calorific value at constant 

p$dv 

pressure -\—- / — 

J 


Let the increase in volume be x mol. per mol. burnt. 

Then the increase in volume will be xv> where v — molar volume 
But^w =- 1*985 T (see p. 61), and therefore 
Calorific value at constant volume = Calorific value at constant 

pressure + 1*985 x x X T 




246 


APPLIED THERMODYNAMICS 


In the same manner there are two latent heats, the heat necessary 
to vaporize a liquid being less at constant volume than at constant 
pressure. 

Thus L at C.V. per mol. = L at. C.P. per mol. — 1-985 X x X T 

Example 15. What is the calorific value of hydrogen, burnt at constant 
volume, if its calorific value at constant pressure is 34,500 C.H.U. per lb. ? 
Assumo cooling to 0° 0. 

If it is assumed that air contains 21 per cent oxygen and 79 per 
cent nitrogen, the combustion equation is 

70 70 

^ H 2 + Oo + 2 J N 2 -> 2 H 2 0 b : 2i N 2 

As a mol. of all gases occupy the same volume, 2 mois. of H 2 
79 

+ 1 mol, of 0 2 + — mols. of nitrogen become 2 mols. of H 2 0 
79 

+ — mols. of N 2 of which the two mols. of H 2 0 are condensed. 

Hence the change in volume per mol. of hydrogen is i! mols., and 
the work of expansion — -- 1-985 x i! X 275 C.H.U. per mol. H 2 
- - 1-985 x f X 273 C.H.U. per lb. H 2 
= - 406 C.H.U. per lb. H a . 

Hence the calorific value of hydrogen at constant volume is 
34,500 - 406 - 34,094 C.H.U. per lb. 

Example 16. The combustion at constant volume of 1 lb. mol. of benzene 
(C 6 H 6 ) with the necessary Oa liberates 1,403,000 B.Th.U. if both C e H 6 and the 
resulting H a O are in liquid form at 00° F. 

(а) Given that It — 1-985 and that the latent heat of benzene at 60° F., 
and constant pressure is 14,600 B.Th.U. per lb. mol., find the heat roleased at 
constant volume if the C fl H 6 wore originally in the form of vapour at 60’ F., 
and the H a O again in the liquid form. 

(б) Given that the latent heat of I GO at 60° F., and constant pressure is 
1,060 B.T.U. per lb., how much heat would bo roleased at constant volume 
if the C 0 H ft were originally in the form of vapour at 00' 5 F. and the H a () also 
in the vapour form at 60' J F. ? 

( U.L. , B.fic. (Kntj.), 1945.) 

The calorific value of benzene is given at constant volume and 
the required quantities of heat liberated are also at constant volume, 
hence the only corrections to be made are to the latent heats. 

(a) Here the work correction due to expansion is that equivalent 
to the increase in volume of benzene when changing from liquid to 
vapour at 60° F. Neglecting the volume of the liquid, the expansion 
is therefore 1 mol. per mol. of benzene. 

Hence L c v ~ L c v — 1-985 X x X T (where x = 1) 

- 14,600- 1-985 X 520 
= 13,568 B.Th.U. per lb. mol. 
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Heat released = 1,403,000 + 13,568 

— 1,416,568 B.Th.U. per lb. mol. of benzene 

(b) Here the benzene starts and ends as vapour, therefore the 
work correction is only that due to the vaporizing of the H 2 0, the 
expansion again being 1 mol. per mol. Hence for the H 2 0, as the 
latent heat L c is given per lb. 

L C Vt — L CtPt — 1*985 T 

- 18 X 1,060- 1-985 x 520 

- 18,048 B.Th.U. per mol. H 2 0. 

The combustion equation is 2C 6 H 6 -|- 150 2 -> 6H 2 0 + 12 C0 2 
i.e. with one lb. mol. of benzene there is associated 3 lb. mols. H 2 0 
L c = 3 X 18,048 B.Th.U. £>cr lb. mol. of benzene 
and heat released — 1,416,158— (3 X 18,048) 

= 1,362,424 B.Th.U. x>cr lb. mol. of benzene. 

Molar Heats and the Combustion Equation. In Example 11, p. 93, 

it was shown how the specific heats of a gaseous mixture may be 
obtained from the volumetric analysis of the gas, and the individual 
sj>ecific heats of the constituent gases. If the combustion equation 
of a combustible mixture is known, the specific heat of the mixture 
may be obtained in a somewhat different manner. Thus for methane 
the equation is 

CH 4 4 20 2 -> CO, -f 2H,0 

As a lb. mol. of any gas oceuxfies the same volume under the same 
pressure and temperature conditions, we may write 

1 mol. CH 4 + 2 mols. O, produce 1 mol. C0 2 -T 2 mols. H 2 0 

If the nitrogen in the air producing the necessary oxygen is 
included, and assuming air contains 21 x>er cent 0 2 and 79 yer cent 
N 2 by volume the equation becomes 

7Q 79 

CH 4 + 20 2 4- 2 x ^ N 2 = C0 2 4- 2H a O + 2 x ~ N 2 

The sx>ecific heat of the mixture may be obtained by taking the 
pro])ortions of the specific heats of the constituents in the ratios of 
the number of mols. of each constituent. Similarly the equivalent 
molecular weight and density of the mixture may be obtained. 

Example 17. Find tho value of the adiabatic index y and also that of R in 
PV = WRT where W is the mass in lb., for a 10 per cent weak mixture of 
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hexane vapour, C e H 14 , and air, given that air contains 21 por cont of O a by 
volume. 

(U.L., B.Sc. (Eng.) 1945.) 


Molar 


C 6 H u 

Diatomics 


Or 


40-3 

5-18 


42-285 

7-1G5 


The equation for complete combustion is 

2C 6 H 14 + 190 2 + 19 X ~ N 2 --> Products 


For a 10 per cent weak mixture tliis becomes 

1-8 C 6 H 14 + 190 2 + 71-5 N 2 -> Products 

Hence allotting to each constituent its proportion of its individual 
specific heat, and dividing by the total number of lb. mols.— 

_ (1-8 X 40-3) + (19 X 5-18) + (715 X 5-18) 
u “ 1-8 -|- 19 + 715 

--- 5-865 B.Th.U. per mol. per ° F. 

_ (1-8 x 42-285) + (19 X 7 165) -f- (71-5 X 7-165) 
p ~ ~ 1-8 I 19 | 715 

= 7-85 B.Th.U. per mol. per ° F. 


y = 


7-85 

5-865 


1-34 


The equivalent molecular weight of the mixture is 
_ (1-8 X_86) + (19 X 32) -f- (71-5 X 28) __ 

18 + 1S3 -t 71 5 - AKK) 

The universal gas constant 0 is given by 

0 = C V - C v = 7-85 - 5-865 = 1 -985 B.Th.U. per lb. mol. per ° F. 

, D 0 1-985 X 778 „ n 

• ^ = " ~ 2<H)5 — "" 51-5 ft ‘ lb - I K,r lb - l ,cr 1 ■ 


Partial Pressures in Combustible Mixtures. This is best explained 
by means of an example. 
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Example 18. A closed vessel of 10 cu. ft. capacity contains a mixture con¬ 
sisting of one-tenth of a pound of hydrogen and sufficient air for its combustion. 

(a) When the temperature in the vessel is 20° C., determine the pressure. 

(b) At what temperature would the pressure in the vessel reach 200 lb. per 
sq. in. abs. ? 

Take the density of hydrogen as 0-0056 lb. per cu. ft. at N.T.P. and the 
percentage of oxygon in air as 23 per cent by weight. 

(U.L., B.Sc. (Eng.) 1937.) 


(a) We first require the percentage of oxygen in air by volume and 

23 

32 

this is given by —-— — 20-75 per cent 0 2 and 79-25 per cent N 2 . 

juO l l 

32 + 28 

The expression for the combustion is— 

2 H 2 + 0 2 -|- N 2 -> Products 

i.e. 1 cu. ft. H 2 + 0-5 cu. ft. 0 2 + 1*91 cu. ft. N 2 -> products 
The total volume of the mixture = 1 + 0*5 + 1*91 

— 3-41 cu. ft. 

Proportion of hydrogen in mixture = — 0-293 

The volume of 0-1 lb. of H 2 at N.T.P. — 17-85 cu. ft. 

2 0-0056 


14-7 X 17-85 
273 


_ Partial pressure of H 2 X Total volume of mixture 
Temperature 

_^Vh x jo 
293 

whence partial pressure of hydrogen p h — 28-2 lb. per sq. in. 

But p h — Total mixture pressure X proportion by volume of H 2 
(see p. 90). 

28-2 

Mixture pressure — Q = 96-3 lb. per sq. in. Answer. 


(b) 


As the volume remains constant, 


Pi 

T 
1 2 



293 X 


200 

96-3 


Pi 

Ti 


608° C. abs. Answer. 
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Example 19. In a petrol engine the combustible mixture is compressed 
adiabatically through a compression ratio of 7*5 to 1. The mean value of y 
is 1*32. The combustion, which is under constant volume conditions, releases 
31,800 B.Th.U. per mol. of mixture and produces a molocular increase of 7£ per 
cent. The pressure and temperature at the start of compression are 14 lb. per 
sq. in. abs. and 180° F. respectively. 

Estimate the pressure and the temperature at the end of combustion, 
assuming there is no heat lost to the jackets. 

The moan volumetric heats per mol. of the products of combustion 
reckoned from 180° F. are given below— 

C 9 6-89 7 0 7-1 7*15 

t° F. 4,000 4,500 5,000 5,500 

( U.L ., B.Sc. {Eng.) 1948.) 

Let the points 1, 2, and 3, Fig. 72, refer to the start of the com¬ 
pression, end of compression, and end of combustion respectively. 



Fia. 72 


Then 7^=1411). per sq. in., r l\ — 640° F. abs. and volume 
compression ratio r = 7*5. 

For the adiabatic compression from 1 to 2 

Vi — Pi rV = 14*7 X 7-5 1 32 - - 200 lb. per sq. in. 

640 X 7-5° 32 - 1,220 ' F. abs. 


T. ^ T/ ~ 1 
Work done during adiabatic compression 

wR IT 


\ 


]) . dv 


P2 V 2 - PP\ 

J(y- i) 


> / 7 * _ T \ 

(“ZTj 15ThU - i» er 


u> lb. 


C(T 2 - T,) B.Th.U. per lb. mol. 
y - 1 with G in heat units. 

1-985(1,220- 640) 

0-32 

3,598 B.Th.U. per lb. mol. 
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During the adiabatic compression from 1 to 2 
Heat taken in by gas = increase in internal energy 

+ work done by gas 

i.e. Q = E 2 — E x + jp . dv 

But Q = 0 and E x = 0 being reckoned from 640° F. abs. while 
the work is done on the gas. 

Hence 0 = E 2 — *3,598, i.e. E 2 = .3,598 B.Th.U. per lb. mol. 
During the constant volume combustion from 2 to 3 

Q — 31,800 B.Th.U. per mol., and no work is done, 
hence E 3 - 3,598 + 31,800 - 35,398 B.Th.U. per lb. mol. 

But due to combustion there is a molecular increase of 7*5 per cent. 
Hence, reckoned from 640° F. abs. — 180° F., 

E 3 ** 1-075 6^3- 180) 

35,398 = 1*075 C v (t 3 - ISO) 

32,928 

or ~7~i — — t 3 — 180 

o v 

Plotting each side of this equation using values of C v and t from 
the table in the question, against values of t , we obtain the value 
of t 3 , as 4,840° F. 

To find j) 3 , we can use the equation 

pv = wRT =, - mRT -- n(!T 
m 

where w — mass of gas, 

m — molecular weight of gas, 
n -- number of lb. niols. 


Hence j) 3 v 3 —- n 3 (!T 3 and p 2 v 2 — n 2 GT 2 


V a ^ Ih 




- 935 lb. j>er sq. in. abs. 


EXAMPLES VII 

1. In a boiler trial the dry coal contained 84 per cent of carbon and 3 per 
cent of free hydrogon. The flue ga-s analytes gavo 11*5 per cent 0O 2 , 8-4 per 
cent O a , and 80-1 per cent of nitrogen. Calculate per pound of dry fuel, the 
weight of necessary air, and the weight of excess air. 

(f/.JL, B.Sc. (Eng.).) 
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2. The volumetric analysis of a producer gas is : H a , 14 per cent; CH 4 , 
2 per cont; CO, 22 per cent; CO a , 5 per cent ; O z , 2 per cent; N a , 55 per 
cent. Find the air required for the perfect combustion of 1 cu. ft. of the 
gas. If 40 per cent excess air is supplied, find tho volume analysis of the 
dry products. Air contains O a , 20-9 per cent; N a , 79-1 per cent by volume. 

(U.L., B.Sc. (Eng.).) 

3. The volumetric analysis of a producer gas supplied to a gas engine is : 
H a , 20-2 ; CH 4 , 2-8 ; CO, 22-2 ; C0 2 , 7*7 ; N a , 47-1 per cent. Calculate the 
volume of air necessary for complete combustion of 1 cu. ft. of the gas. 
If 60 per cent excess air is admitted, find the actual percentage contraction 
in volume after combustion in the engine cylinder, and the volumetric 
analysis of the dry products of combustion. 

4. The ultimate analysis by weight of a petrol is : C, 0-835 ; H 2 , 0-147 ; 

O a , 0-018. Calculate the ratio of air to petrol consumption by weight, if the 
volumetric analysis of the dry exhaust gas is : CO a , 12-1 ; CO, 1-7 ; O a , 0-8 ; 
N a , 85-4 per cent. ( U.L. , B.Sc. (Eng.) f 1925.) 

6. Analysis of coal in a boiler trial was : C, 88 ; II, 3-6 ; O a , 4-8 per cent.; 
and other matters 3-6 per cent. Flue gas by volume : CO a , 10-9 ; CO, 1-0 ; 
O a , 7-1 ; N a , 81 per cent. Find (a) tho proportion of C burned to CO ; and 
(6) air required per pound of fuel for combustion as it actually occurred ; 
also (c) the weight of flue gas per pound of fuel burned. 

, ( U.L ., B.Sc. (Eng.).) 

6. In a boiler trial the percentage analysis of dry coal as burned was : 

C, 83 ; H a , 4 ; 0 2 , 8 ; ash, etc., 5 ; and the volumetric analysis of the flue 
gas was : C0 2 , 10 ; CO, 1-7 ; 0 2 , 8-1 ; N 2 , 80 per cent. The rise in toinpera- 
ture of the flue gases was 290° C. Calculate tho following items : (a) the 

proportion of C burned to CO, and the heat lost through incomplete com¬ 
bustion, expressing the latter as a percentage of the heat in tho fuel ; ( b) the 
heat carried away in the flue gas per pound of coal burnt, average specific 
heat 0-24 ; (c) heat carried away in excess air, average specific heat, 0-2375. 
Calorific value of 1 lb. carbon, when burnt to CO*, 8,080 C.H.U.; when burned 
to CO, 2,420 C.H.U. “ (U.L., B.Sc. (Eng.).) 

7. During a boiler trial, the avorage analysis of tho flue gases gave the 

following results : CO a , 10-7 ; CO, l-l ; 0 2 , 6-85 ; N a , 81-35 per cent. Tho 
chemical analysis of the coal as fired gave : C, 87-6 ; H a , 3-4 ; O a , 4-5 ; ash, 
etc., 4-6 per cent. Determine the number of pounds of air supplied to the 
boiler furnace per pound of coal ; also calculate tho weight of flue gas per 
pound of coal. (V.L. y B.Sc. (Eng.) ) 

8. An oil fuel of specific gravity 0-875 contained carbon 86-9 per cent, and 
hydrogen 13-1 per cent. From a bomb caloriinotor tost, tho following data wore 
obtained : weight of oil taken, 0-9034 gramme ; total weight of water, including 
water equivalent of bomb and calorimeter, etc., 2,800 grammes. Observed rise 
of temperature by combustion in the bomb calorimeter, 3-47° C., and loss by 
radiation, 0-026° C. Calculate the highor and lower calorific values of the oil 
fuel, (a) in C.H.U. per pound; also (b) in B.Th.U. per pound, and (c) per 
gallon. 

9. During an engine trial, the gas, as used, was tested in a calorimeter and 
gave the following results: gas burned, 0-76 cu. ft., at pressure 14-8 lb. per 
sq. in. and 18° C, which raised the temperature of 24-5 lb. of water from 
16° C. to 23-6° C. ; and the steam formed was condensed to 0-04 lb. of water 
at 18° C. Calculate the higher and lower calorific values per cubic foot of 
the gas at N.T.P. Tako the latent heat of steam as 539 C.H.U. per lb. at 
atmospheric pressure. 

10. In a gas producer 1 ton of coal, having calorific value 14,000 B.Th.U. 
per lb., yields 208,000 cu. ft. of gas of calorific value 125 B.Th.U. per cubic 
foot. A gas engine takes 67-8 cu. ft. of this gas per brako horse-power hour. 



COMBUSTION OF FUELS 


253 


Calculate : (a) tho thermal efficiency of the gas producer ; and (b) the brake 
thermal efficiency of the gas engine ; (c) the pounds weight of coal consumed 
per brake horse-power hour ; and (d) tho overall thermal efficiency of the 
gas plant. 

11 . In a gas producer fed with bituminous coal of lower calorific value 
13,400 B.Th.U. per lb., the yield of gas per ton of coal is 134,000 cu. ft. at 
N.T.P. of lower calorific value 172 B.Th.U. per cubic foot. The percentage 
analysis by volume of the gas is : H 2 , 18*3 ; CH 4 , 3-4 ; CO, 25*4 ; C0 2 , 6-9 ; 
Nj, 46 ; and a gas engine takes 49-9 cu. ft. of this gas per brake horse-power 
hour. Calculate : (a) the cubic feet of air necessary for the complete com¬ 
bustion of 1 cu. ft. of the gas ; (b) the thermal efficiency of tho producer 
from the lower calorific value of the gas ; (c) the weight in pounds of coal used 
per brake horse-power hour ; (d) the brake thermal efficiency of the gas 
engine; and (e) the overall efficiency of the power plant. 

12. Find the maximum efficiency of a suction gas producer, the composition 
of the gas produced, and its calorific value per cubic foot, assuming that the 
fuel is carbon, and that only dry air is passed through the fuel. Given that 
lib. of H 2 occupies 178-8 cu. ft., that the calorific value of CO is 342-4 
B.Th.U. (190-2 C.H.U.) per cubic foot; and that tho calorific value of 1 lb. C 
is 14,544 B.Th.U. (8,080 C.H.U.). 

What is the effect of admitting steam in addition to the air (a) on the 
working ; (b) on tho efficiency of the producer ? 

(U.L., B.Sc. (Eng.).) 

13. In a test of a suction gas producer and gas engine under ordinary 
working conditions, the following results were obtained : duration of trial, 
6 hours; gas engine cylinder, 17 in. diameter by 24 in. stroke; average 
speed of engine, 209-5 r.p.in. ; explosions per minute, 102 ; mean effective 
pressure from indicator cards, 83-4 lb. per sq. in. Brake horse-power, 102-1. 
Total coal consumed, 444-7 lb., of higher calorific value 14,680 B.Th.U. per 
lb. Work out : (a) fuel per brake horse-power hour ; ( 6 ) indicated horse¬ 
power ; (c) mechanical efficiency of engine ; ( d) thermal efficiency of gas 
producer and engine combined ; (e) percentage heat of fuel converted into 
work on the brake. 



CHAPTER VIII 

INTERNAL COMBUSTION ENGINES AND GAS TURBINES 

In the internal combustion engine the fuel is either gas or petrol, 
or other oil. The characteristic of such engines is that the com¬ 
bustion takes place inside the cylinder, and therefore the maximum 
temperature available is considerably higher than is the case with 
steam turbines and steam engines. Thus it is estimated that, in an 
internal combustion engine, a maximum temperature of about 
2,500° C. is attainable. At the same time the minimum practical 
exhaust temperature which is possible under ordinary conditions is 
about 500° C. With these temperatures it will be seen that the 

~ x - • T 1 -T 2 2,773- 773 x 

Carnot efficiency —^—-= — - — = 72 per cent. Ihe corre- 

i J Z,/ iu 

sponding limits for a modern steam turbine may be taken as about 

723 - 313 

450° C. and 40° C. giving a Carnot efficiency of ——-- = 56*7 per 

1 Zu 

cent. It must be remembered, however, that the practical effi¬ 
ciencies are considerably less than these figures, the highest values 
for a modem internal combustion engine being about 38 per cent, 
and for a modern steam turbine, including tho boiler, about 28 
per cent. 

Another noteworthy point is that, whereas in the steam engine 
and turbine precautions are taken to prevent as far as possible any 
loss of heat from the cylinder, in the case of the internal combustion 
engine the cylinder must be cooled either by air or water, owing to 
the limiting temperature to which we may subject the materials at 
present at our disposal. This consideration is therefore at present 
one of the factors which prevent us from taking full advantage of 
the high temperatures available in this form of motive power. 

From a theoretical standpoint any form of fuel which will give 
an explosive mixture in the cylinder should be satisfactory. In 
order to obtain reasonable economy, however, certain conditions 
must be satisfied. In the first place, owing to the practical difficulty 
of efficient scavenging of the cylinder after combustion, it is at 
present necessary that the fuel should have no ash content. For 
this reason the use of pulverized coal in an internal combustion 
cylinder is still little more than a dream. Secondly, it is essential 
that the fuel should be in sufficiently intimate contact with tho 
necessary air to give efficient combustion in the very short time 
available. In the case of the gas engine this is a simple matter, 
while with a volatile fuel like petrol there is no great difficulty since 
the fuel vaporizes as it enters the warm cylinder. With heavier 
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oils, however, the fuel enters the cylinder as a finely atomized liquid, 
and it is round the problems involved in obtaining atomization and 
subsequent combustion that the main development in the heavy 
oil engine has taken place. 

Ideal Cycles. A consideration of the Carnot cycle shows that a 
heat engine converts heat into work by the working substance 
taking in heat at a high temperature or temperatures and rejecting a 
lesser quantity of heat at a lower temperature or temperatures, the 
work obtained being equal to the difference between these two 
quantities of heat, provided there is no exchange of heat with 
exterior surroundings other than the two quantities just mentioned. 
In practice there is always an exchange of heat between the working 
substance and the cylinder walls, and this complicates calculations. 
We will therefore first consider a number of ideal cycles in which 
the heat is taken in and rejected under several different conditions, 
and in which expansion and compression of the working substance 
takes place without exchange of heat; that is, they are adiabatic. 
Such cycles are— 

1. The Constant Temperature Cycle in which heat is taken in and 
rejected at constant temperature. 

2. The Constant Volume Cycle in which heat is taken in and 
rejected at constant volume. 

3. The Constant Pressure Cycle in which heat is taken in and 
rejected at constant pressure. 

4. The Modified Constant Pressure or Diesel Cycle in which 
heat is taken in at constant pressure and rejected at constant 
volume. 

5. The Dual Combustion or Composite Cycle in which heat is first 
taken in at constant volume, then at constant pressure and is 
rejected at constant volume. 

6 . The Atkinson Cycle in which heat is taken in at constant 
volume, and rejected at constant pressure, expansion continuing to 
atmospheric pressure. 

It should be noted that No. 4 is sometimes called the Diesel cycle 
for want of a better term. The word Diesel is at present loosely 
applied to most types of heavy oil engines, and we shall see in due 
course that this is not completely justifiable. We shall first con¬ 
sider these cycles on the assumption that the specific heat of the 
working substance remains constant at all temperatures. 

1. The Constant Temperature Cycle. This is of course the 
Carnot cycle which is described on pp. 112-7 (Fig. 30). The efficiency 
T - T 

was here shown to be ~ rp — 2 . This efficiency may be expressed in 
1 x 

a different form, for in Fig. 30 

2 ^2 __ ^ ~ __ i i _ Pd v d 

T x T a T a " p A v A 
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But as the points A and D are on the same adiabatic, ~ = 
where y is the ratio of the specific heats. P A 

Thus efficiency = 1 - = 1 - ) ” 1 = 1 - ^ V ~' 

where r is the Adiabatic Compression Ratio. 

It is shown on p. 113 that r also is the Adiabatic Expansion Ratio. 
2. The Constant Volume Cycle. In this cycle (Fig. 73) heat 
is taken in at constant volume from points 2 to 3. Adiabatic 
expansion then takes place from 3 to 4. Heat is rejected at constant 




volume from 4 to 1, after which the working substance is compressed 
adiabatically from 1 to 2. 

We will first consider the relation between the pressures, volumes, 
and temperatures of the four points on the pv diagram. 


Now • 
also 


y y 

Vsp 4 =2W3 

y y 

Pl V l =P2 V 2 





y 

y 


thus 




PjL = Pi . 

P3 P2 

where r is the adiabatic compression or expansion ratio. 
As pv — wRT 


then 


T 2 P& 2 \^l / ^2 I// 
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Similarly 

hence 


' 1 \ 

T % 



v -1 


* j = 7 j = (i y l 
Tt T, \ r / 


To calculate the efficiency of the cycle, we have 
Work done = Heat taken in - heat rejected 


= C„(2j - T t ) - C V (T 4 - 7\) 


Efficiency — 


Work done 
Heat taken in 


C.(r,-T t )-C,(T 4 -7\) 

O v (T 3 -T 2 ) 


T t Z T\ 

T 3 - T 2 


„ t . T x T 3 T x -T x 
But since ^ = — or - 4 ^— < 

, T i -T l _T x _ /i\y-» 

hence ^ 

/i\y 1 

and efficiency = 1 — 1 — 1 


T 2 


In Fig. 73 the following values are assumed— 

— 14*7 lb. per sq. in. 

T 1 = 100 + 273 = 373° C. (abs.). 
Compression ratio = 5 

Maximum pressure after combustion p 3 = 350 lb. per sq. in. 

C v for air = 0-173 
Ratio of specific heats =1-4 


Then p 2 — Pi • 14-7 X 5 W = 139-8 lb. per sq. in. 

and Vi~Vz' = 350 X = 36-8 lb. per sq. in. 


also J\ = T x . & . - 2 = 373 X X \ = 709° C. (abs.) 
Pi v x 14-7 5 

T s = Tj. - 3 . - = 373 X ~ Xp = 1,775° C . (abs.) 
p x v x 14-7 5 

T a = T x ?-*=* 373 X ~ = 933° C. (abs.) 

4 1 pj 14-7 ' ' 
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Heat taken in = C v (T a - T t ) = 0-173(1,776 - 709) 
= 184-4 C.H.U. per lb. 

Heat rejected = G\(7\ -1\) = 0-173(933 - 373) 

= 96-9 C.H.U. per lb. 

Work done = 184-4 - 96-9 = 87-5 C.H.U. per lb. 


™ • 87-5 

Efficiency = l g4 4 = 0-475 

/l\y-i /l\04 

Also efficiency = 1-1-1 = 1 - l - J = 0-476. 



Fia. 74. T -< f ) Diagram for Constant Volume Cycle 


The Temperature Entropy (T<f)) Diagram for the Constant 
Volume Cycle. It is convenient to reckon the values of entropy 
of the working substance from a zero value at N.T.P. The entropy 
of 1 lb. of air at the point 1, Fig. 73, can now be calculated from 
equation 11, p. 126. 

Hence & = C v log e ^ = 0-241 X 2-3 X Iog 10 = 0-075 

This fixes the point 1 on the T<f) diagram, Fig. 74. 

The curve 1, 2 on the pv diagram, Fig. 73, is an adiabatic. Hence 
the curve 1, 2 on the Tcf> diagram is a vertical straight line, the posi¬ 
tion of the point 2 being given by the temperature r I\ — 709° C. abs. 

We now have to transfer the constant volume line 2, 3 from the 
pv diagram to the Tcf> diagram. Taking the temperature T for any 
point between the points 2 and 3, we can calculate the entropy 
from equation 16, p. 128. 




INTERNAL COMBUSTION ENGINES 


259 


Thus <f> 3 -+t=C. log, ^ = 0-173 X 2-3 log* 1 ^ = 0-159 
<f> 3 = 0 159 + 0-075 = 0-234. 

Intermediate values can be obtained by taking different values 
of T 2 between 709° C. (abs.) and 1,775° 0. (abs.). 

The line 3, 4 is again a constant entropy line, and the constant 
volume line 4, 1 can be calculated in the same way as for the line 
2, 3. 

The Air Standard Cycle. The Constant Volume cycle is the 
basis of the Air Standard Cycle recommended by a committee of the 
Institution of Civil Engineers* as a basis of comparison for internal 
combustion engines. The following assumptions are made in formu¬ 
lating this standard. 


(a) The working substance to be considered as air. 

(b) Expansion and compression to be considered adiabatic. 

(c) The combustion to be considered as taking place without 
molecular contraction. 

(d) The specific heat of the working substance to be considered 
constant at all temperatures. 

(e) No dissociation to take place. 


For air we may take the value of y as 


02413 

0-1727 


- 1-396 at 0° C. 


(p. 68). Hence the efficiency of the air standard cycle may be taken 


as e = 1 - 



()• 390 


A curve showing the values of e for various 


compression ratios is given in Figs. 80 and 101. 

We will now consider how far these assumptions are applicable 
in practice. 

(a) Calculations by Tizardf on petrol-air mixtures show values of 
y decreasing from 1-35 for a mixture containing 80 per cent of the 
necessary fuel for complete combustion, to 1-32 when 50 per cent 
excess fuel is used. For gas engine mixtures it may bo taken as 
varying from 1-30 to 1-38. 

(b) No real expansion or compression is adiabatic owing to the 
transfer of heat between the working substance and the cylinder 
walls. The value of n in the law pv n = constant in an actual 
expansion varies considerably owing to various causes too compli¬ 
cated to investigate here. Work by Tizardf on petrol-air mixtures 
suggests values of n for the compression curve varying from 1-32 
with 80 per cent of the necessary fuel for complete combustion to 
1-29 for 50 per cent excess fuel. 


* Proc. Inst. C. E ., Vol. 152 (1905). Seo also Report on Heat Engine Trials 
presented by Inst. C. E., 1927. 

f Proc. N.E. Coast Inst, of E., 1921. 
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(c) This may best be explained by reference to Example 2, p. 196. 
Here we see that on combustion of the hydrogen, three volumes of 
the original gas mixture become two volumes of products. It will 
also be seen that there is a contraction on the combustion of carbon 
monoxide, while an expansion takes place on the combustion of 
tetrylene. The calculation of the total percentage contraction is 
also shown. It will be obvious that owing to this contraction, the 

value of ~ does not remain constant round the cycle, and hence the 

simple expression of efficiency does not hold in practice. 

A correction can be made for this discrepancy for, if p v v 1} and T x 
are values before combustion, and p 2 , v 2 > and T 2 the values after 
combustion, and x the volume ratio before and after combustion, 


then 


T, 


V 2^2 


(d) The specific heat of any gas varies with the temperature. 
With the value of specific heat increasing with temperature, the 
temperature to which the working substance will be raised will be 
lower than would be the case with constant specific heat. This 
matter will be dealt with more fully later, but it will be useful to 
consider here the effect of a given change in the specific heat. 

Since C v -C v = 1R, and y = y -1 = £- 

'-'v 

/I \JL 

and the efficiency e=l-l — 1^ 
that is, 1-e = or = r°~ v H) ^ 


Differentiating with respect to C v , we have 
1 de __ R 
~iT~e • dC v = C~ 2 

de R( 1-e) 

dC~ 


. « 

tv 


lo H f l 


n lo* 

u t 


logs r 


Hence de = 


that is, 


dC, 
C v * 

de -dC, 
e 


• logs r 


\R( 1-e) logs r\ 
-dC v \R /I -e\ \ 

—cy\c. ■ 


dC v 
' C, 


(7-1) 


Cf) 


logs * 


Suppose y =14, and compression ratio r = 5, what is the 
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fractional change of efficiency for 1 per cent increase in C V 1 
have, e = 1 - = 0-475, 


Then, 


de 

e 


1 

100 


04 x 


1 - 0 475 
0475 


X 2-303 log 10 5 


We 


1 f 0-4 X 0-525 _ I 

' 100 ( 0-475 X 2 303 X 0 699 j 



Fig. 75 . Ideal Constant Fig. 76 

Pressure Air Cycle T -( f > Diagram 


i.e. the efficiency would decrease 0-711 per cent when C v is increased 
1 per cent. 

(e) At the high temperatures obtained in an engine cylinder, the 
products of combustion can partially dissociate into CO and 0 2 
from the C0 2 , and H 2 and 0 2 from tho H 2 0. This dissociation is 
accompanied by an absorption of heat. It is true that recombination 
takes place during the expansion of the working substance, but as 
this return of heat is at a lower temperature than the maximum, 
there will be a loss on the whole due to this factor. As the amount 
of dissociation is reduced by an increase in pressure, the loss due to 
this cause is lessened by an increased compression ratio. 

3. The Constant Pressure Cycle. This cycle is shown in 
Fig. 75. 

The ideal operations are : (a) adiabatic compression from p 0 , 
v Qt T 0 to p v v v T 1 ; (b) heat is received at constant pressure, the 
temperature rising to T 2 ; (c) adiabatic expansion from pressure 
p % — p x to p 3 , the temperature falling to T z ; ( d ) heat is rejected 
at pressure p 3 = p 0 > the temperature falling to T 0 . 

The specific heat of the air is assumed to be constant throughout 
the cycle. 
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The heat taken in is C P (T 2 - TJ, the heat rejected is C P (T 9 - T 0 ), 
and the ideal efficiency 

C p (Tt-T x )-C,(T z -T Q ) _ , T 3 -T 0 

CJFt-TJ T 2 - T x 

The ratio of adiabatic expansion is equal to the ratio of adiabatic 
v 0 

compression, r = “ 



v 2 Volume. v i 


Fig. 77. Ideal Cycle for Diesel Engine 

/U 7 ' 1 

Hence the air standard efficiency of this cycle becomes 1 - I — I 

The temperature-entropy diagram, Fig. 76, for this cycle is 
constructed in a similar manner to that for the constant volume 
cycle, with the exception that the curves indicating heat transfer 
are now constant pressure lines, and in their calculation C v must be 
taken instead of C v . 

This cycle is of no practical utility owing to the very large value 
of the volume v z necessary for complete expansion. 

It will be seen that for the three cycles so far cbnsidered the 
efficiencies increase with the compression ratio and are the same for 
equal adiabatic compression ratios. The ranges of temperature, 
however, would be different in the three cases for any given efficiency, 
the Carnot cycle having the least temperature range for any given 
efficiency. 

4. The Modified Constant Pressure or Diesel Cycle. In 
this cycle the practical difficulty of the large volume necessary for 
complete expansion in the constant pressure cycle is obviated by 
stopping the expansion at a point 4 (Fig. 77) so that subsequent 
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rejection of heat at constant volume from points 4 to 1 takes place. 
The working fluid is then compressed adiabatically from points 1 to 
2 heat is taken in at constant pressure from points 2 to 3, after 
which adiabatic expansion proceeds from points 3 to 4. # 

On these assumptions, the heat received is C V (T 3 - T 2 ) and the 
heat rejected is C v (T i - T x ). The efficiency of this ideal air engine 

C v (T 2 - T 2 ) - C V (T 4 - T x ) 

C v (T 3 -T 2 ) 


1-1 


T t -T x 


y ' T a -T t 

To express this efficiency in terms of the volume ratios 
Let ratio of compression r — —, and p = — 


( 1 ) 


Volume of clearance 


then, during the adiabatic operation, T 2 = T t . r y 1 ; at constant 

pressure ^ = — = p, and T s = p . T 2 = p . T x r y “ 1 ; 

1 2 V 2 

also T 4 = py . T l 

T 4 — T ± = T x (pV-\) 

t 3 -t 2 Ty~ x ( P - 1) 


Substituting these values, 
and equation (1) becomes 


Ideal efficiency == 1 


— I 


1 


( 2 ) 


r y - l \y{p -!) 
which is independent of the temperature. 

The factor —— depends upon the cut-off, and is greater than 

unity ; hence the ideal efficiency of this constant pressure cycle, 


my - 1 

for a given compression ratio, is less than 1 - I “ I ♦ 
as p — — is reduced. 


but increases 


Example 1. An air engine works on the following cycle; air is taken in at 
atmospheric pressure (15 lb. per sq. in.) and temperaturo 60° F., and is com¬ 
pressed adiabatically, the pressure at the end of the stroke boing 500 lb. per 
sq. in. Heat is taken in at constant pressure, and expansion afterwards takes 
place adiabatically, the ratio of expansion being 5. The air is exhausted at 
the end of the stroke, the heat assumed to be rejected at constant volume. 
Find the efficiency. Take the specific heats of air C ~ 0-238, and C v = 0-17. 

(C7.L., B.Sc . (Eng.).) 


Here y = 


0238 , , 7 

0-17 = 14 = 5 ’ 


and 


y-l 

y 


T x = 60° + 460° = 520° F (abs.) 


0-4 _ 2 
1-4 ” 7 
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In Fig. 77, the ratio of compression, 

Also, the ratio of expansion — = 5, and = v € 

v 3 


cut-off p = 


ratio of compression __ v 3 12*24 


= 2*448 


ratio of expansion v 2 

, . . T 2 / p%\- /500\2 

In adiabatic compression = I — I 7 = I I 7 

2 

Taking logarithms, log T 2 = log 520 + ^ (log 100 - log 3) 
= 2-71600 + ^ (2-0-47712) = 3-15111 

and T 2 = 1,416° F. (abs.) 

T 3 v 3 

At constant pressure = 2*448 

and T 3 = 1,416 X 2*448 = 3,466° F. (abs.) 

also Fl = (^) y = (^) ’ and T * = 3,466(1) 


1 \ 0 4 

1,821° F. (abs.) 


To check this result, 

T 4 = T 1 x p/ = 520 X 2-448 1 4 = 1,821° F. (abs.) 

Now, heat taken in per cycle is 

C,(T 3 - T 2 ) = 0*238(3,466°-1,416°) = 487*9 B.Th.U. 
and heat rejected per cycle is 

C V (T,-T X ) = 0*17(1,821° -520°) = 221*1 


Hence, heat converted into work during cycle = 266*8 B.Th.U. 

266*8 

ideal thermal efficiency = = 0*547, or 54*7 per cent. 

y Alternative method, by expression (2) (p. 263); the ideal air 
efficiency is 

/nr - 1 ( pr-i ) 

1 - I - I X I ^ j J, where ratio of compression r = 12*24. 

[\\y~ l i i \ 0 ’ 4 v. 

Here I 1 — ( 12*24 ) — 0*3672 j and p — y ~ ^ 

thus py = 2-448 1,4 = 3*5, and y(p - 1) = 1*4 x 1-448 = 2*0272 
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Substituting these values in the above expression, the efficiency is 
( 3-5 - 1) 

1 - 0-3672 ^272 ^ 1 " 0 3672 x 1,2334 = 0 547 
or 54-7 per cent. 

5. The Dual Combustion or Composite Cycle. In this cycle 
the working fluid is compressed adiabatically from points 1 to 2, 
Fig. 78. Heat is taken in first at constant volume from 2 to 3, and 
then at constant pressure from 3 to 4, then there is adiabatic expan¬ 
sion from points 4 to 5, and rejection of heat at constant volume 
from points 5 to 1. 

Then Heat taken in = C V (T 3 - T 2 ) + C v (T t - T 3 ) 



Fig. 78. P-V Diagram for Composite Cycle 


Heat rejected = C v (T b - 1\) 

C v (T a -1\) + C P (T t - T 9 ) - G v (T 6 - T x 


Efficiency 


C,(T t -T t ) + C,(T t -T a ) 
T,-T x 


1 - 


T t -T a + y(r t -T 9 ) 


T x 


= 1 - 




rp (T, , , v r?L«_?L,l\ 

Ti [i\ l + Y yr a tJ) 


X) 

Let <t = Pressure Ratio due to Constant Volume Combustion = — 

Pi 

Vm 

p = Volume Ratio due to Constant Pressure Combustion = — 
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r = Adiabatic Compression Ratio = — 


Then as p 6 v = Vi v x y an d Pi v i v — Pz v 2 v and v b = v i 

\Y 


also 


T, 

-h- 

Pi v i y _ 

- ^ 


Pi 

P2P 2 V 

’ P 2 \v s 

T, 

( V A 

7" 1 , 

/D)- 1 

T \ 

T* 

-(%) 

_ PjVj 

1 =1 

= » 

w 

- e r 

t 2 

P2 V 2 

Pz V 3 


apv 


and 


T* = P* = 
? ? 2 ?2 


/l\r- ] r opv- l 

Efficiency =!-(-) [ ff _ 1 + y(ap Z 


or) 


It should be noticed that if p = 1 in this expression, as holds for 
the constant volume cycle, then 

Efficiency = 1 - ‘ ~j) = 1 - ' 

whereas if a = 1, as for the Diesel cycle, 

“-■-(ri&y 

In Fig. 78 the following values are assumed— 
p x = 14-7 lb. per sq. in. 

T x = 373° C. (abs.) 

Compression Ratio — 10 

Maximum Pressure p 3 — GOO lb. per sq. in. p — ~ = 2 

C 9 = 0-241 C v = 0-173 y = 1-305 = 1-4. approx. 

1-4 


Then p 2 = p x . 


<r 


14-7 X 10 l 4 = 369 lb. per sq. in. 


a=^ 


600 


p 2 369 


= 1-628 


Pi = Pi • = 600 X = 63 lb. per sq. in. 


Also T 2 = T x . 


373 038" C,(.b..) 

14-7 x 10 v ; 
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T 2 . — = 936 
2 Pi 


x 600 - 1 523° 
X 369“ 1,523 


C. (abs.) 


7\ = T a .- 4 = 1,523 X 2 = 3,046° C. (abs.) 
v z 


T 6 = 2\ = 373 X ~ = 1,600° C. (abs.) 



Fig. 79. Diagram for Composite Cycle 


Heat taken in = C v (T a - T t ) + C v {Ti - T 3 ) 

= 0-173(1,523 - 936) + 0-241(3,046 - 1,523) 
= 468-5 C.H.U. per lb. 

Heat rejected = C V (T S - 7\) 

= 0-173(1,600 - 373) - 212-3 C.H.U. per lb. 


. 468-5-212-3 nr4 „ 

Efficiency =- — -= 0-547 


/ 1 \ 0-305 1-fi' 

Also Efficiency = 1 - (^) X ^s+T: 


628 x 2^95 _! 


395(1-628 x 2 - 1-628) 


- 0-547 


The temperature-entropy diagram, Fig. 79, is calculated in a 
similar manner to that for the constant volume cycle, p. 256. As 
the curve 2, 3 is a constant volume, and the curve 3, 4 is a constant 
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pressure line, the curve 2, 3, 4 is not a continuous curve on the T<f> 
diagram. 

The Effect of Compression Ratio on the Composite Cycle . In this 
cycle the heat taken in is divided into two portions, and for a given 
quantity of heat per cycle there is an arbitrary ratio of the amount 
taken in at constant pressure to that taken in at constant volume. 
The proportion of the heat taken in at constant volume depends on 
the maximum allowable value of the pressure p 3 . 

Let us assume that the maximum pressure is to have a constant 
value, and that a constant amount of heat is to be taken in by the 
working fluid per cycle. Then, if the compression ratio is increased, 
the compression pressure p 2 is raised, and hence the amount of heat 
taken in at constant volume is decreased, and that taken in at 
constant pressure increased. 

To illustrate this let (Fig. 78)— 


If 

then 


p z = 1,000 lb. per sq. in. 
p 1 = 14*7 lb. per sq. in. 

T x = 373° C. (abs.) 

C v — 0-17 C P = 0-24 and y = 1*4 (approx.) 



2h 

?2 

t 2 


— Vi = 369 lb. per sq. in. 

= T t = 936° C. (abs.) 

= T 2 = 2,537° C. (abs.) 


Heat taken in at constant volume = C V (T Z - T 2 ) — 272 C.H.U. 
per lb. 

Let this be the total amount of heat taken in. 


Then efficiency = 1 


1 \y-i 


(') 


= 06 


If 


r = — = 12 


p 2 = 14-7 x 12 1 ' 4 = 476 lb. per sq. in. 
T t = 373 xg? xi= 1,006° C. (abs.) 


a 


Vi 


1.000 

476 1 1 


then 
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T 3 = oT t = 2-1 X 1,006 - 2,113° C. (abs.) 

Heat taken in at constant volume 

= 0-17(2,113 - 1,006) = 188 C.H.U. per lb. 

Heat taken in at constant pressure 

= 272 - 188 = 84 C.H.U. per lb. 

But G p (T t -T a ) = 0-24(r 4 - 2,113) = 84 .*. T t = 2,463° C. (abs.) 



P 




Tj _ 2,463 
T t ~ 2,113 


1-116 


Efficiency of composite cycle 


/1\°\ 2-1 X 1-116 14 - 1 

-1 \l 2 / x 2-1-1 + 1-4 x 2-1(1-116-1) 

= 0-628 


If all the heat had been taken in at constant volume, that is, if 
the value of p 3 had not been limited to 1,000 lb. per sq. in., the Air 


/ 1 \o-4 

Standard Efficiency would bo 1 ”” 1 Y 2 ) = ® 


In Table XII the various values calculated as above are shown 
for various compression ratios, the efficiencies for the two cycles 
being plotted against compression ratio in Fig. 80. 





270 


APPLIED THERMODYNAMICS 

TABLE XII 


r 

Pi 


*-a 

T t 


Heat 
taken 
in at 
const, 
vol. 

Heat 
taken 
in at 
const, 
press. 

^4 

p-a 

l ’s 

Efflcie 

incies 

Com¬ 

posite 

Cycle 

Air 

Stan¬ 

dard 

10 

369 

936 

2-710 

2,537 

272 

0 


1-000 


0-600 

12 

476 

1,006 

2-100 

2,113 

188 

84 

2,463 

1-116 

0-028 

0-630 

14 

591 

1,071 

1-692 

1,812 

126 

146 

2,421 

1-336 

0-641 

0-652 

16 

713 

1,131 

1-402 

1,586 

77-4 

195 

2,398 

1-512 

0-019 

0-671 

20 

974 

1,236 

1-026 

1,269 

5-6 

267 

2,380 

1-875 

0-653 

0-698 


6. The Atkinson Cycle. In this ideal cycle, the heat is taken in 
at constant volume from point 2 to 3 (Fig. 81). Adiabatic expansion 



right down to atmospheric pressure at point 4 then takes place, 
followed by constant pressure rejection of heat from 4 to a point 1, 
such that subsequent adiabatic compression brings the working 
fluid back to point 2. 


The efficiency = 


~C V (T 3 -T 2 ) 


1 -Y 


t 3 - 


T, 

T\ 


But 





-1 


-1 


\r) ’ 


V 4 = Pv 


v z = v 2 


Vi 




1 



y 


and 
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Efficiency = 1 - y 


r 



i 



r- 1 (py^i) 
7 (p-I) 


where r is the adiabatic compression ratio, and p = --. 

Vi 

This cycle (but allowing for the variation in specific heat) was 



recommended by the Heat Engines Trials Committee* as an ideal 
standard of comparison for all types of internal combustion engines. 

Pressure/Crank-angle Diagrams. In the practical investigation of 
the condition of the working substance in an internal combustion 
engine, the most important part of the cycle is from about the point 
of ignition to the beginning of expansion, that is, about 30° or 40° 
either side of the top dead centre. About this point a considerable 

* Report oil Heat Engine Trials to the Inst. Civil E y 1927. Also “Standards 
of Thermal Efficiency for Internal Combustion Engines,” Sir Dugald Clerk, 
Proc. Civil E., Vol. 225, 1928. 
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movement of the crank is accompanied by a relatively small move¬ 
ment of the piston, and hence the ordinary indicator diagram which 
shows the pressure of the working substance plotted to a piston 
displacement base, does not give a sufficiently accurate picture of 
what is happening in the cylinder during this important period. 
This difficulty can be obviated to a certain extent by changing the 
phase of the stroke base as indicated on p. 23. The “Farnboro” 
Indicator (p. 24) gives us an even better and more convenient 
method, in that a diagram showing pressure plotted to a crank- 
angle base is obtained. 

Fig. 82 shows two ideal diagrams plotted on these lines. To obtain 
these, if the ratio of the length of the connecting rod to that of the 



-snce h*-5 tnoke -1 /o/um e . >i 

Fig. 83. Gas Engine Indicator Diagram 

crank is known, it is simply necessary to obtain the piston positions 
corresponding to various crank angles graphically, and then to plot 
values of pressure against these crank angles. 

The curve ABODE shows the constant volume cycle corresponding 
to Fig. 73. If no combustion took place, the condition of the 
working substance would be given by the expansion curve BE. 
The diagram AFHKLE shows the composite cycle corresponding 
to Fig. 78. 

Practical Cycles 

1. The Gas Engine. The gas engine may be said to work 
approximately on the constant volume cycle. The four-stroke 
constant volume cycle, sometimes called the “Otto” cycle, invented 
by Beau de Rochas in 1862, was adopted by Dr. A. N. Otto and made 
a practical success in 1876, being developed in this country by 
Messrs. Crossley Bros., Manchester, and later by many others. In 
a single-acting engine the cycle consists of four operations in the 
working cylinder on one side of the piston, during four consecutive 
strokes, giving one explosion or working stroke for every two 



INTERNAL COMBUSTION ENGINES 273 

revolutions of the crank-shaft. The action is shown by the indicator 
diagram, Fig. 83, from an engine of 40 B.H.P. 

Suction . During the first forward or outetroke, ab> of the piston 
a mixture of gas with excess of air is drawn into the cylinder, so 
that the cylinder is filled with the explosive mixture at atmospheric 
pressure. 

Compression . During the return or tnstroke, 6c, the mixture is 
compressed into the clearance space at the end of the cylinder. 

Explosion and Expansion. At c the compressed charge is ignited 
just before the crank passes the dead centre, and the pressure due 
to the heat energy developed by the combustion at constant volume 
rises so rapidly that the maximum pressure is reached before the 
piston has moved appreciably on its second outstroke. This is the 
working stroke , cde y and the piston is driven forward by the 
expanding gas. 

Exhaust (efa). The exhaust valve is opened at e to give “ release,” 
and during the second back-stroke the burnt products are discharged 
from the cylinder, except what remains in the clearance space. 
These burnt products mix with the next incoming charge of gas 
and air, and the cycle is repeated, except when the governor cuts off 
the supply of gas ; then air is admitted, compressed, and expanded, 
without explosion, and discharged. 

In some modern gas engines, scavenging air under slight pressure 
is admitted to the cylinder towards the end of the exhaust stroke, 
to sweep out the burnt products from the clearance space through 
the exhaust pipe, to cool the exhaust valve and leave the clearance 
space full of pure air. 

Scavenging is specially desirable when working with gas of low 
heating value, such as blast furnace gas, containing a small proportion 
of combustibles which require to be well mixed with air to ensure 
complete combustion, retarded by the inert gases present. Usually 
there is no special arrangement for scavenging. 

Beau de Rochas first gave the chief conditions necessary to 
obtain the best results and greatest economy from the elastic force 
of gas in the engine cylinder— 

(а) Largest ratio of cylinder volume to boundary surface, that 
is, reduce to a minimum all cooling surfaces in contact with hot 
gases, or make the combustion space as nearly spherical as possible. 

(б) Piston speed as high as possible. 

(c) Long range of expansion, within practical working limits, in 
order to have the heat converted into work rapidly. 

(d) Highest possible compression of charge before ignition, which is 
only limited in practice by pre-ignition or spontaneous combustion. 

The outstanding disadvantage of this cycle is, that it gives only one 
impulse for every two revolutions of the crankshaft, the motor piston 
acting as a pump during suction and exhaust strokes, although 
this type is convenient for small powers and tends to keep the 
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cylinder comparatively cool with good mechanical and volumetric 
efficiencies. 

The light spring indicator diagrams, Fig. 84, taken from the same 
engine as Fig. 83, shows the bottom loop for the pumping strokes 
during exhaust and suction. The full line is the negative part of 
the diagram, Fig. 83, in which gas and air are taken ; and the 
mean pressure of this full load suction loop is 2-9 lb. per sq. in., 
corresponding to 1-4 H.P. at 180 r.p.m. The dotted lines form the 
diagram of the pumping strokes when the governor stops the gas 
supply and only air is admitted to the cylinder. In this case the 
mean pressure of the loop is 5 lb. per sq. in. taking 2-5 H.P., that is 
more power than is required for the exhaust and suction strokes 
after an explosion. 

As during the compression stroke there is an explosive mixture 
in the cylinder, the risk of pre-ignition in practice limits the com¬ 
pression ratio. This limit, which depends on the nature of the fuel, 



- Ain only . 

- Gas and Ain. 


Fia. 84. Light Spring Diagrams of Pumping Strokes 

is about 7 to 1 for coal gas, but it may be increased with advantage 
for gases of low-heating value, such as producer or blast furnace gas. 

When the four-stroke cycle was introduced, attempts to overcome 
its defects led to the two-stroke cycle giving an explosion every 
revolution of the crankshaft. Such an engine was described by 
James Robson in Patent No. 2334 of 1877. Sir Dugald Clerk designed 
an engine of the two-stroke type in 1878, improving on this in 1886. 

In the two-stroke cycle for a gas engine, combustion causes the 
working substance to expand, pushing the piston forward. Towards 
the end of this working stroke exhaust ports in the cylinder walls are 
opened by the piston, thus relieving the residual pressure of the 
products of combustion. This is followed by the opening of an inlet 
valve or inlet ports through which the explosive mixture enters 
under slight pressure, driving the residual exhaust gases before it 
out of the exhaust ports. This process continues to the end of the 
working stroke and for a small portion of the return stroke. The 
exhaust and inlet ports are then closed, and the working fluid 
compressed for the remainder of the return stroke, toward the end 
of which ignition takes place. 

This cycle has two practical disadvantages: separate cylinder 
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is necessary to put the entering explosive mixture under the 
necessary slight pressure, and it is difficult to avoid direct loss of ex¬ 
plosive mixture through the exhaust ports before the beginning of 
compression. 

The two-stroke cycle appears to be best adapted for gas engines 
of large output, such as the Koerting type. 

2. The Petrol Engine. The pioneer petrol engine may be said 
to be that of Gottlieb Daimler described in Patent No. 4315 of 1885. 

The modern petrol engine, working on the four-stroke cycle, 
draws in an explosive mixture of petrol and air during the suction 
stroke through a carburettor, the function of which is to provide a 



Fig. 85. Pressure/Crank-angle Diagram for Petrol Engine 


mixture of constant richness at all engine speeds. This mixture is 
compressed on the return stroke, being ignited somewhat before the 
end of this stroke by means of an electric spark. Combustion takes 
place, followed by expansion of the working substance during the 
working stroke, after which the products of combustion are pushed 
out of the cylinder by the returning piston. The useful compression 
ratio when an explosive mixture is compressed is limited, for ordinary 
fuels, to between 5 and 6 to 1, although this limit may be increased 
by the use of special dopes such as tetra-ethyl lead. 

Typical indicator diagrams are shown in Fig. 14, p. 27. At first 
sight it appears from these that the practical cycle approximates to 
the constant volume cycle. Fig. 85, which shows a typical pressure/ 
crank-angle diagram, indicates how far this assumption is justified. 
The compression curve, assuming no combustion, is shown at ACDB. 
If ignition takes place at C, shown about 35° before top dead centre, 
no immediate pressure rise is noticeable, but the actual curve follows 
the compression curve for a period CD. At the point D the pressure 
begins to rise rapidly, and reaches a maximum value when the 
crank has moved about 12° past the top dead centre. After the 

xo—(T.5434) 
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maximum pressure is reached, expansion proceeds until the exhaust 
valve opens at E somewhat before the end of the working stroke. 

The period CD , during which there is no appreciable pressure rise 
above the normal compression pressure, indicates that there is a 
delay between the ignition and the start of active combustion. 
Investigations by Tizard and Pye* showed this period to be very 
consistent with various liquid hydrocarbon fuels, it being dependent 
on the excess of the compression temperature over the necessary 
ignition temperature. 

Ricardo regards the combustion process in petrol engines as 
taking place in two distinct phases!— 

(a) The delay period, which is more or less independent of engine 
speed. 

(b) The spread of the flame throughout the combustible mixture. 

The first phase depends on— 

(i) The chemical nature of the fuel. 

(ii) The mixture strength. 

(iii) The temperature and pressure of the combustible mixture. 

The second phase depends on— 

(i) The shape of the combustion chamber. 

(ii) The amount and nature of the turbulence, and hence on 

the engine speed. 

The delay period is one reason why the point of ignition must 
occur, for maximum efficiency, before the piston reaches top dead 
centre, another reason being the necessity to compensate for the 
fact that the pressure rise after the start of active combustion takes a 
definite time to reach a maximum. As the time of the delay period 
for any given compression ratio is approximately constant, it 
follows that, as the engine speed increases, the ignition advance in 
terms of crank angle must be increased. 

Fig. 85 (a) shows the effect of a variation in the point of ignition. 
As the ignition is retarded, the point of maximum pressure comes 
later in the working stroke. This means that, as work is being done 
by the working substance during the rise of pressure due to the 
combustion, the rate of the pressure rise will be reduced, and the 
maximum value of the pressure will be lessened. In practice it is 
found that the best point for the maximum pressure is about 10° 
or 12° after top dead centre. It must be remembered that the area 
under the pressure curve to the left of the T.D.C. in Fig. 85 corre¬ 
sponds to negative work in the cycle, and hence too early ignition 
may make this negative work excessive. Another effect is to make 
the pressure rise too rapidly, which will give rough running. 

Petrol engines can be designed to work on the two-stroke cycle, 
but its use in practice is chiefly confined to engines of small size. 

3. The Diesel Engine. In 1892, Herr Rudolph Diesel patented 

* Phil. Mag., May, 1926. 
t Proc. Inst. Auto. E. f March, 1930. 
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(No. 7421) a Rational Heat Motor to work on the ideal Carnot cycle 
described in his book of 1893. The proposed “rational” motor was 
to use all kinds of fuel—solid, liquid, and gas—and to operate as 
follows: (a) isothermal compression of excess air, the heat produced 
being carried off by water spray; (b) adiabatic compression of the 
air to the highest temperature of the cycle far greater than the 
ignition temperature of the fuel, to 250 atmospheres in a pulverized 
coal engine, modified to “only” 90 atmospheres (1,3001b. per sq. 
in.); (c) gradual and regulated injection of the fuel, such as pulver¬ 
ized coal, into the hot air to produce gradual isothermal combustion , 
so that the temperature will not exceed the compression temperature 
during expansion at constant pressure ; and ( d) after the fuel cut-off 
adiabatic expansion of the surplus air and products of combustion 
would cool the gases to the lower limit of temperature, without 
artificial cooling of the cylinder walls, but, on the contrary, they 
should be “lagged to protect against loss by radiation of heat. By 
special arrangement the exhaust temperature can be made lower 
than the atmospheric temperature, and can be used for refrigerating 
purposes.” “The combustion, in opposition to all hitherto known 
processes of combustion, does not produce any increase of temper¬ 
ature, or at least only an unessential one, the highest temperature 
in the cylinder is produced by compression of air.” 

This first Diesel engine patent was based on a practically impos¬ 
sible thermodynamic cycle, and the difficulties were found too 
great without a water jacket. In 1895, air injection of paraffin oil 
was adopted, at a pressure higher than that of adiabatic com¬ 
pression, which was reduced to 35 or 40 atmospheres, the isothermal 
compression by water spray cooling was abandoned, and external 
cooling by water jacket introduced. 

A reliable Diesel oil engine was built in 1897, after four years 
of experimental work in the Maschinenfabrik Augsburg-Nurnberg 
(M.A.N.). 

In this engine the cylinder is thoroughly water jacketed. An 
excess of air is drawn into the motor cylinder and compressed to 
500 or 600 lb. per sq. in. Another supply of air is raised by an 
air compressor to about 1,000 lb. per sq. in., and stored in a reservoir 
for starting the engine, and for the blast or injection air which 
pulverizes the oil fuel by forcing it, through finely perforated disks 
fitted around a fluted needle valve, into the compressed air in the 
motor cylinder. The air blast, at a much higher pressure than 
that in the cylinder, causes turbulence in the combustion chamber. 
The expansion or drop in pressure cools the air blast 50° or 60° C., 
owing to the lower pressure of the compressed air. The finely 
divided oil mist ignites at once in contact with the hot air, and the 
rate of admission is so regulated that, about full load, the burning 
takes place at a slightly rising pressure, and when the load is 
decreased the burning pressure gradually decreases, although the 
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temperature rises, during the first part of the working stroke. 
After cut-off the air and products of combustion continue to expand, 
driving the piston forward until released at constant volume, when 
the exhaust gases are pushed out during the return stroke in the 
four-stroke cycle. 

In the two-stroke cycle, at the beginning of the outward stroke 
the fuel valve is open as in the four-stroke cycle. As the piston 
nears the end of its outward stroke, a set of exhaust ports in one 
side of the cylinder liner is uncovered and the exhaust gases com¬ 
mence to pass through this. On the opposite side of the cylinder 



(*>) 

Fig. 8G. Indicator Diagrams from Air Injection Cylinders 
( Mirrlees , Bickerton & Day Ltd.) 

liner is a set of ports, through which enters the scavenging air 
which expels the exhaust gases and fills the cylinder with a charge 
of air. As the piston moves inwards on the next stroke the two sets 
of ports are covered and the air is compressed to the end of the 
stroke. The next working stroke then commences. 

Typical indicator diagrams from air injection cylinders are 
shown in Fig. 86 (a) and (6). These are for engines running at 
from 200 to 300 r.p.m. 

It should be noted that the compressed air added in the blast 
with the fuel increases the pressure and weight of the charge in 
the cylinder, and therefore gives a higher expansion curve, thus 
increasing the area of the indicator diagram. The work done in the 
compressor cylinder should therefore be deducted from that in the 
power cylinder in calculating the indicated horse-power. If this is 
not done, the indicated thermal efficiency will be too high and the 
mechanical efficiency too low. 
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This engine has now been almost entirely superseded by the airless 
injection type. 

4. The Compression Ignition Airless Injection Oil Engine. 
Prior to 1890 the compressed combustible mixture in the cylinder of 
gas and oil engines was ignited by the electric spark, or various devices 
of flame, heated platinum coil, and tubes kept hot by external burners. 

Such engines were the Brayton Oil Engine, introduced into 
England by Messrs. Simon of Nottingham in 1878, and the Priestman 
Oil Engine of 1888, which was the first reliable engine with com¬ 
pression to work successfully on paraffin or ordinary burning oils. 
In 1890 a new type of oil engine, of simple construction, was intro¬ 
duced, to work with heavy residual oils. Mr. H. Akroyd Stuart was 
the originator of the method of compressing air alone in the motor 



Fia. 87. Indicator Diagram with Small Charge from 
Akroyd Experimental Engine (1905 Type) 

cylinder previous to the injection of the fuel oil by means of a pump 
and spraying nozzle, and of automatic ignition by compression of 
the air in the combustion space at the end of engine cylinder, the 
essential pioneer work being carried out in his works at Bletchley, 
Buckinghamshire. He began experimental work on oil engines in 
1886, and in 1889 he tried to eliminate the possibility of pre-ignition 
of the mixture of air and oil vapour during compression by taking 
a lean mixture with pure air alone next the piston. During these 
attempts he conceived the idea of filling the engine cylinder with 
air alone on the suction stroke, and experiment proved that the oil 
spray could be automatically ignited by injection into the hot 
compressed air in the vaporizer or combustion chamber when the 
piston was near the end of the compression stroke, and before 
commencing its second outward stroke. The engine had no cylinder 
clearance, except the vaporizer, and all the excess air was com¬ 
pressed into this combustion chamber before the oil spray was 
injected. The combustion chamber was not jacketed ; the walls 
were corrugated and provided with internal webs, giving a large 
heating surface. At starting it was heated externally by an oil 
lamp until the temperature attained was sufficient to ignite a few 
charges by compression. Then the combustion chamber was main¬ 
tained at a high enough temperature by the heat retained from the 
explosions, together with the heat of the compressed air, to ensure 
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regular automatic ignition. In fact, the spring fitted on the air 
inlet valve at the end of the combustion chamber got overheated, 
and its position was changed to the side of the cylinder near the 
exhaust valve. By this method the Akroyd oil engine worked on 
the four-stroke cycle : air alone was drawn into the cylinder, 
compressed into the vaporizer, followed by oil spray injection into 
the compressed air near the end of the compression stroke, giving 
perfectly regular automatic ignition and explosion, and then exhaust 
as stated in the Patent No. 7146 of 8th May, 1890. This engine 
would work without pre-ignition only when the oil spray was 
injected near the end of the compression at firing time. 

In 1891, Mr. W. Robinson tested the Akroyd type of com¬ 
pressed air automatic ignition oil engine,* at Bletchley, and working 
as described in the patent specification No. 7146. The engine used 
intermediate shale oil of specific gravity 0*854 and flash point 225° F. 

The quantity of oil injected was regulated to suit the load on the 
engine, and the speed was controlled by a sensitive centrifugal 
governor which opened a by-pass valve and allowed the oil delivered 
by the pump to flow back to the oil tank, instead of passing through 
the sprayer into the combustion chamber. The cylinder was water- 
jacketed, the working parts few, of neat design, and remarkable 
simplicity. The engine, rated at 6 H.P., worked smoothly and 
steadily at 216 r.p.m., developing 7*6 B.H.P. The consumption was 
considerably less than a pint of the heavy oil fuel per brake horse¬ 
power hour. 

This early type of Akroyd oil engine worked on the same principle 
as the Diesel engine of 1897, inasmuch as excess air was compressed 
in the cylinder before oil injection, and differed from it in that the 
compression was not so high and the combustion chamber retained 
a greater proportion of heat from successive explosions; but the 
simple, prompt, and direct airless injection of oil by a pump through 
a spraying nozzle, at the proper moment, produced explosion at 
approximately constant volume, and did not necessitate the use of 
a two- or three-stage air compressor with intercoolers, air receivers, 
and accessories as in the Diesel oil engine. 

Akroyd Stuart worked out another method of keeping the oil 
vapour and air apart, and gradually mixing them by compressing 
a portion of the air from the cylinder into the oil vapour in the 
vaporizer until an explosive mixture was formed, giving automatic 
ignition as described in the patent specification No. 15994 of 
8th October, 1890. A novel and important feature of this device 
was a contracted passage or bottle-neck between the combustion 
chamber and the motor cylinder, which is still a characteristic of 
many modem oil engines. The air was kept separate from the oil 
vapour until the compression stroke. 

* See Journal of the Society of Arts , April, 1891, on “The Uses of Petroleum 
in Prime Motors.” 
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During his experiments with the bottle-neck vaporizer, he found 
that the oil spray or jet injection could be timed so as to occur not 
only at firing time, but during any part of the compression stroke, 
or even of the suction stroke, to allow more time for vaporization, 
without any sign of pre-ignition. An adjustable cam was used to 
time the injection of the charge of oil, and deliver it quickly into the 
vaporizer at any desired point of the suction stroke or during the 
compression of the air to ensure the best conditions of working. 

The vaporizer, once heated, was maintained at a sufficient tem¬ 
perature by the successive explosions and by the hot residual pro¬ 
ducts, to vaporize the oil spray and ignite the compressed mixture. 

Only part of the air drawn into the cylinder was compressed 
through the narrow neck into the oil vapour in the vaporizer to 



Fig. 8S. Indicator Diagram from IIuston IIeavy-oil Engine 
{Ruston dd Hornsby) 


form an explosive mixture, when automatic ignition and explosion 
followed in the next out-stroke, and the flame was projected with 
great turbulence into the surplus air in the motor cylinder. 

A clearance space, of a quarter of the cylinder diameter, was left 
between tho piston and the back end of the cylinder, which was 
filled with relatively pure compressed air to prevent contact of the 
unbumt or partially burnt products with the piston and cylinder 
walls ; also to supply 44 an excess of oxygon to complete the com¬ 
bustion originated in tho vaporizer, and thereby burn up any carbon 
which might otherwise form deposit.’’ 

In practice, low working pressure, combined with simple and 
substantial design, were important factors for ensuring reliability 
and durability in self-contained prime movers of comparatively 
small output for agricultural purposes, and Messrs. Hornsby, the 
licensees, wore content to develop tho “hot bulb” type of Akroyd 
engine (Patent No. 15994). 

In recent years, however, the heavy oil engine has been developed 
on the original idea of Akroyd Stuart. In this modern type of oil 
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engine “airless injection’’ of the fuel into the highly compressed 
air in the engine cylinder is carried out by moans of a positively 
driven pump plunger driving the oil at high liquid pressure through 
a nozzle or atomizer. This type of oil engine, which has been devel¬ 
oped to a considerable extent in this country, can be designed for 
either the two-stroke or four-stroke cycle. Unfortunately this 
engine is often described as a Diesel engine. Strictly speaking, this 
name should be limited to the engine using compressed air injection 



Fig. 89. Injection Timing 

of the fuel. The two types can therefore best be differentiated by 
the terms airless injection and air injection engines. 

A typical indicator diagram for an airless injection oil engine is 
given in Fig. 88. 

It will be noticed that this diagram has a much sharper top than 
is the case with the air injection type. As a matter of fact the type 
of diagram obtained depends, other conditions being equal, on the 
timing of the point of injection. The engine may be said to work on 
the dual combustion cycle, the proportion of the heat taken in at 
constant pressure to that taken in at constant volume depending on 
the timing of the injection. This is illustrated in Fig. 89, which 
shows that as the injection point is advanced so the proportion of 
the heat taken in at constant volume is increased. 

The tendency in modem high-speed compression ignition engines 
is to advance the injection well before the end of the compression 
stroke, and in this case the major portion of the heat is taken in at 
approximately constant volume. It is found that by this means the 
fuel economy is improved due to the greater range of expansion. 
It must be remembered that the compression ratio also affects the 
proportioning of the heat taken in as explained on p. 268. 
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The Combustion Process in Compression Ignition Engines. In the 

air injection system, the use of compressed air at a pressure con¬ 
siderably higher than the compression pressure in the engine 
cylinder gives very efficient atomization of the fuel, and a large 
amount of turbulence, resulting in excellent mixing of the fuel with 
the necessary air. This fact, combined with the possibility of a 
small advance of the injection point, gives a more or less flat top to 
the indicator diagram with a relatively low maximum pressure. In 



Fig. 90. Combustion in C.I. Engines 

other words, the rise of pressure due to combustion is small, the fuel 
burning as it enters and the pressure remaining more or less constant. 

In the airless injection system Ricardo,* as a result of his investi¬ 
gations, regards the process as taking place in three distinct phases 
as indicated in Fig. DO. 

These phases are— 

(i) A delay period AB much the same as in the case of the petrol 
engine. 

(ii) A period BC covering the mechanical spread of the flame from 
the initial nucleus to the main body of the cylinder contents. 

(iii) A period CD during which the remainder of the fuel burns as 
it enters the cylinder from the atomizer. 

The first phase, the time of which appears to be constant , depends 
on the nature of the fuel, the compression pressure and temperature, 
and the degree of pulverization of the finest particles. It is the finest 
particles that matter during this phase, for there is merely a forma¬ 
tion of nuclei in this period, from which the flame is propagated 
during the second period. 

As the second period depends on turbulence, and this in its turn 
is automatically increased by a rise in engine speed, this phase 

* Proc . Inst. Auto. K. t March, 1930. Also The Highspeed Internal Com¬ 
bustion Engine , by Ricardo (Blackie & Son Ltd.). 
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remains constant with crank angle rather than with time. Any 
device to increase the turbulence will speed up this phase, but as 
only a part of the fuel is in the cylinder, the maximum pressure will 
not be attained during this period. The actual pressure reached at 
the end of this phase will depend on the extent of the delay period, 
on the rate of the fuel injection, and on the compression pressure 
and temperature. 

By the beginning of the third phase, the flame has spread through¬ 
out the combustion space, and hence the rate of combustion is so 
accelerated that the fuel burns as it enters, thus producing a further 
pressure rise, the rate of which depends on the rate of fuel delivery. 
The third period is therefore under direct mechanical control. 

It should be noted that as the delay period is constant in time, 
the crank angle turned through during this period increases as the 
engine speed rises. The amount of fuel injected during the delay 
period will therefore become greater with increased engine speed, 
hence the amount of fuel available for the second phase is increased. 
This means that with any given conditions the maximum pressure 
attained will increase with increased engine speed. 

Fuel Injection Methods in Compression Ignition Engines. The 
methods of fuel injection may be divided into three general classes— 

1. The Pressure Injection or Penetration Method. 

2. The Pre-combustion Chamber Method. 

3. Organized Air Turbulence Method. 

We will now consider these methods in detail. 

1. The Pressure Injection or Penetration Method. The fuel is 
injected into the combustion space through a nozzle with suflicient 
pressure to ensure complete penetration with high velocity of the 
particles of fuel into the hot mass of compressed air in the cylinder. 
This method gives easy starting from cold and, owing to the simple 
form of the clearance space and the absence of excessive turbulence, 
the heat losses are minimized. It has, however, the practical objec¬ 
tion of high injection pressure which may be dissipated in atomizing 
the fuel rather than producing the high velocity necessary for 
efficient penetration. It also appears that the velocity that can l>e 
imparted to the liquid spray is limited, and thus a limit is imposed 
on the maximum engine speed. 

This method is chiefly used for medium and slow speed engines. 

2. The Pre-Comfmstion Chamber Method. To the cylinder head 
is attached a small combustion chamber, separated from the main 
cylinder by a narrow neck or a number of small holes. The fuel is 
injected into the pre-combustion chamber where the first two 
phases of the combustion take place. The high pressure produced 
during the second phase projects the burning mass at a high velocity 
through the neck or holes into the main clearance space in the 
cylinder. In this method the liquid pressure need not be unduly 
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high, and the nozzle orifices need not be so small as in the previous 
method. The speed of the injected fuel, therefore, does not limit the 
engine speed. Owing to the separate combustion chamber, however, 
the heat losses are increased, and as part of this loss occurs during the 
compression stroke, the difficulty of starting from cold is increased. 

This method is not now used to any extent in this country. 

3. The Organized Air Turbulence Method. The air taken into the 
cylinder is given a swirling motion. This can be done by arranging 
the air ports tangentially or inclined to the cylinder walls. This 
swirl in the air persists during the compression stroke, and on injec¬ 
tion the air sweeps past the entering fuel particles, thus removing 
the products of combustion and replacing them with fresh air. This 
method is favoured by Ricardo, who points out* that the velocity 
of the air can be enormously greater than that of the liquid fuel, 
and is at all times proportional to the engine speed; further it can be 
maintained more nearly constant throughout the combustion process. 

This method is used for high speed engines. 

Volumetric Efficiency. The volumetric efficiency of an internal 
combustion engine may be defined as the ratio of the actual volume 
of combustible mixture or charge drawn into the engine per stroke 
at N.T.P., to the volume swept by the piston per stroke. The volume 
of the combustible mixture drawn in is made up of two parts, the 
volume of the air and the volume of the gas or the fuel vapour. In 
the case of a gas engine the volume of the gas used can be readily 
measured. The volume of the air supplied can also be determined 
practically, and hence a direct measurement of the volumetric 
efficiency may be obtained. In the case of a petrol or oil engine, 
however, the amount of liquid fuel is measured by weight, and the 
volume of the vapour produced is not so readily determined. The 
volumetric efficiency is therefore often given in terms of the air 
consumption only. 

In the practical method of air consumption, the fact that the air 
flow is pulsating, necessitates special precautions and corrections. 

The most convenient methods are— 

(a) The air-box orifice method, f 

(b) The direct measurement method.J 

(c) The electric flow-meter method.§ 

In the air-box orifice method the engine draws its air from a large 
box, into which the air flows through a standard orifice. The flow 

* Proc. Inst . Auto. E. f March, 1030. 

t “Air Supply to Internal Combustion Engines,” by Watson and Schofield. 
Proc. hist. Mech. E. f May. 1012. Also “An Investigation of the Air-box Method 
of Measuring tho Air Consumption of Internal Combustion Engines,” by 
L. J. Kastnor, Proc. Inst. Mech. E. % 1047, Vol. 157. 

J Paper by Iticardo, Automobile Engineer , September, 1922. 

§ “Air consumption in I.C. Engines,” by Moss, Proc . Inst. Mech . E. t April, 
1924. 
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into the box is determined from the difference of pressure across the 
orifice. In the direct method air is drawn from a form of gasometer. 
In the electrical method the air flows over a standard electrical 
resistance, through which an electric current is passing, the rise in 
temperature of the air being measured. If W lb. of air per sec. are 
raised in temperature by an amount dT by an electric current 
flowing through a resistance R ohms with a potential difference of 

V volts, then WC v dT = 

Example 2. Describe a method of obtaining the air consumption of an 
internal combustion engine. 

A single-cylinder gas engine with an oxplosion in overy cyclo, used 7*8 cu. 
ft. of gas per rain, during a test, tho pressuro and temperature of the gas at 
the meter boing 3 in. of water and 17° C.; the calorific value at N.T.P. was 
281 C.H.U. per cu. ft. The air consumption was 6-3 lb. per min., tho baro¬ 
meter reading 29-3 in. The boro of the engine was 10 in. and tho stroke 19 in.; 
the speed was 240 r.p.m. 

Find its volumetric efficiency relative to air at N.T.P., (a) taking air and 
gas into account, (b) taking only air into account. What is the heat value of 
1 cu. ft. of the mixture at N.T.P.? ( U.L ., B.Sc. ( Eng .), 1934.) 


3 in. water 

30 X 1 
34 X 4 


= 0*23 in. mercury 


Pressure of gas 

= 29-3 + 0*23 = 29-53 in. mercury 

Gas used per minute 

7-8 x 29-53 X 273 „ 


30 X 290 


7-23 cu. ft. at N.T.P. 


Gas used per stroke 
7-23 

= y 2 q ~ 0*06 cu. ft. at N.T.P. 

Taking the volume of air as 12*39 cu. ft. per lb. at N.T.P. 

Air used per stroke 

6*3 X 12*39 A 4 . xr r r t> 

—--— 0-65 cu. ft. at N.T.P. 

Mixture used per stroke 

= 0-65 + 0-06 = 0*71 cu. ft. at N.T.P. 


Stroke Volume 

_ 3*14 x 10 2 x 19 
4 x 1,728 


= 0*865 cu. ft. 


Volumetric Efficiency (mixture) 
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Volumetric Efficiency (air) 


0-65 

0*865 


0*751 = E a 


Gas used per cu. ft. of mixture 

_ E m - E a _ 0*821 - 0*751 
~ ~E m " ' 0*821 


- 0*085 cu. ft. at N.T.P. 


Heat value of mixture 

= 0*085 x 281 = 23*0 C.H.U. per cu. ft. at N.T.P. 


In practice the volumetric efficiency depends on many factors, 
including— 

(a) The temperature of the charge as it enters the cylinder. 



Fio. 01. Relation between Volumetric Efficiency 
and Velocity of Flow Through Valves ( Ricardo ) 


(b) The resistance of the inlet valves and pipes, and the back 
pressure in the exhaust. 

(c) The timing of the valves. 

(d) The mixture strength and latent heat of the fuel. 

(e) The compression ratio. 

Obviously the external conditions of temperature and pressure, 
and any artificial heating of the induction system, as well as the 
cylinder and water jacket temperature, will all have their effect on 
the density of the charge and hence on the volumetric efficiency. 

The effect of valve resistance is shown in Fig. 91 where the curves 
give the average volumetric efficiency at standard pressure and 
temperature, obtained by Sir Harry R. Ricardo from a large number 
of direct tests, and from many indicator diagrams. With valves in 
the cylinder head, the volumetric efficiency A is higher than B 
when they are in the side pockets. Experience shows that, with a 
gas velocity of 100 ft, per sec. through the inlet valves in the head, 
the average volumetric efficiency is 77 per cent, and the highest 
recorded is 79 per cent. 

In practice it is difficult at high speeds to keep the inlet velocity 
down to 100 ft. per sec., as this would require too large valves, with 
the added bad effect on an effective turbulence. The higher the 
velocity of the gas through tho inlet valve the greater will be the 
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turbulence, and the rate of propagation of the flame after ignition, 
but the lower the volumetric efliciency. Experience tends to show 
that for effective turbulence and rapid combustion, the velocity of 
the fresh charge at entry must be at least 130 to 150 ft. per sec. 

The effect of mixture strength is due to the cooling caused by 
the evaporation of a liquid fuel, and to the effect of the flame 
temperature on the surface temperature of the cylinder walls. With 
both petrol and gas fuels, there is a decrease in the volumetric 
efficiency as the mixture strength increases from weak to the correct 
proportions, the chief reason being that the increasing flame temper¬ 
ature increases the temperature of the cylinder walls. For mixtures 
richer than the correct mixture, the variation is very slight, in the 
case of gas, but with petrol the volumetric efficiency rises, due to the 
increased cooling effect of the evaporation, and to the increase of 
the specific heat of the charge keeping down the flame temperature. 
This increase of efficienc} 7 is very marked in the case of alcohol, 
because of its greater latent heat. 

The effect of increased compression ratio is to lower the volumetric 
efficiency. 

Suction Temperature. In the analysis of any practical cycle, a 
knowledge of the temperature of the cylinder contents at the com¬ 
mencement of the compression stroke is important. An exact 
determination of this temperature is not simple, as the ingoing 
charge of air or combustible mixture is raised in temperature by 
the hot metal surfaces with which it comes into contact and also 
by mixing with the hot residual gases left in the clearance space. 
In the case of liquid fuels, there will also be a lowering of temperature 
due to the latent heat of the fuel. 

An approximate value of the suction temperature can l>e found if 
the temperature of the residual gases and the volumetric efficiency 
are known. For let v t = Stroke Volume 

v c == Clearance Volume 
v = Volume of charge drawn in at N.T.P. 

v 

E = Volumetric Efficiency = — 

Then if we first consider the heat given to the charge by the 
cylinder walls, the volume v on entry is raised to some temperature 

v T 273 

T and expands to the volume v 9i and — 1 = 9 ^, that is, T = 

The residual gases of volume v c and temperature T Ci in giving up 
heat to the incoming charge, are cooled to some final temperature 

T 

T gt and contract to a volume v x = v e ~. 

I e 

The fresh charge on taking in this heat, will rise in temperature 

T 

from T to T„ and expand to a volume v 2 = 
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But the volume in the cylinder 

T T 

= Vj + = ». + »e = + V,~ 

. m _ V.+Vc 
” * Vj_ v a X J? 

T e + 273 

The value of T c may be taken as the temperature of the exhaust 
gases close to the exhaust valve. 

Let T c = 800° C., r = v * + - = 5, i.e. v c = 1*. and E = 0-82. 

c 4’ 

1 4 - 0 - 9 ^ 

Then = 387° C. (abs.) = 114° C. 

1,073 + 273 

If higher values of the compression ratio are put in this equation, 
the suction temperature will become less. 

Another expression for the suction temperature given by Morgan 



where T 0 = the absolute temperature of the charge before 
mixing with the residual gases 
P 0 — atmospheric pressure 
P 1 = cylinder pressure at close of inlet valve 
T = absolute temperature of the exhaust gases 

Taking the above figures, 

07Q 07Q 

= V =0-82 = 333 ° C - (ab8 -> 

The value of P x can be obtained from the light spring indicator 
diagram, and will in general be slightly lower than the atmospheric 
pressure. For our purpose we will take it as equal to the atmo- 

1 . r ni m 333 x 1,0/3 X 5 ooro ri t 1 \ 

spheric pressure. Ihen T 8 = 333 - qi j 07 3 (5 ~ Z r i) == 386 C * ( abs )‘ 

The difficulty in the early attempts at the direct measurement of 
temperature within the engine cylinder, by means of a platinum 
wire fine enough and of so small thermal capacity as to follow the 
rapid variation of temperature without appreciable lag, was that the 
high explosion temperature at once melted the fine platinum wire. 

Professors Callendar and Dalby have overcome this difficulty 
by the ingenious device* of fitting the most delicate platinum 
thermometer in a jack-in-the-box valve, which exposes the fine wire 

* “ On tho Measurement of Temporaturos in tho Cylinder of a Gas Engine,** 
Proc. Hoy. Soc. t Series A, Vol. 80 (1907), p. 67. 
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to the mixture in the cylinder during compression, withdraws and 
screens the wire from the action of the gas momentarily at the 
highest temperature of explosion, and exposes it again during each 
suction and compression stroke. 

The ordinary admission valve AB , Fig. 92, has an axial hole 
drilled through the stem and head, in which a tube moves to and 
fro, carrying the insulated leads from B to the platinum ther¬ 
mometer loop at P. This tube forni3 the spindle of the ther¬ 
mometer valve T, which fits into the little conical seating on A, 
and two thin ribs join the head to the spindle so as to allow the 
heat in the cylinder to act on the fine wire loop P, when the valve T 
is pushed out as shown in Fig. 92. When this valve is momentarily 



Fro. 92. Admission and Thermometer Valves 
(Calle ndar & Dalby) 


closed it shields the thermometer wire from the highest explosion 
temperatures. The thermometer valve is pushed out and closed at 
the correct times by a separate cam and mechanism. 

The electrical resistance or temperature of the platinum ther¬ 
mometer is measured by the bridge and contact-maker shown in the 
diagram. Fig. 93. P is the pair of leads to the fine platinum loop, 
and C equal and similar leads to compensate the resistance of the 
other pair alongside of them in the tube, while the short piece of 
fine platinum wire across their ends compensates the end effect or 
cooling action by conduction from the thermometer wire to the 
thick leads. Thus the difference of resistance will be that of the 
hottest part of the thermometer wire exposed to the gas within 
the cylinder. The bridge wire BW is carefully calibrated. 

The contact-maker consists of a pair of springs fitted with platinum 
contacts and carried on the arm A of a graduated and adjustable 
disk 0, which is secured by clamping screw L for any desired point 
I of the cycle. A pair of stepped cams D rotate with the lay shaft, 
and allow the platinum point of one spring to make electric contact 
with the other for an interval of about 10° of the crank angle, 
depending upon the distance between the steps. 
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Readings are taken at several points in the compression stroke 
when the index I is set for the springs to make contact, and the 
electric balance is adjusted on the bridge wire by the indication of 
the galvanometer G. 

Obviously, with rapidly varying temperatures, there will be time 
lag between the true temperature of the gas at any moment and 
that of the finest wire. On this account, Professors Callendar and 
Dal by made measurements on the compression curve where the rate 
of variation of temperature is a minimum, rather than on the 
expansion curve after explosion when the change of temperature 



Fig. 93. Contact-Maker and Thermometer Bridge 
(Callendar & Dolby) 


may be 1,000° C. in 1/10 sec., that is, at the rate of 10,000° C. per sec. 
The platinum thermometer wire used was 1/1,000 inch in diameter. 

At engine speed 130 r.p.m., the lag of the thermometer, for points 
on the compression curve, was not more than 10° of crank angle, 
with a temperature variation of 200° C. in half a revolution, which 


corresponds to a lag of about 


10 ° 

360 s 


X 


130 

60 


= 0 06 sec. 


To determine 


the exact correction for this lag effect, the engine was motored round 
with the platinum thermometer exposed and readings noted when 
only air was compressed and expanded, while indicator diagrams 
were taken, from which the temperatures were calculated. Com¬ 
parison of these temperatures gave the lag effect correction. 

By this method it was found that the suction or charge tem¬ 
perature varied from 95° C. at light load to 125° C. at full load, the 
atmospheric temperature being 20° C. and water jacket 27° C. 


Example 3. In an attempt to estimate the temperature at the end of the 
suction stroke of a petrol engine having a compression ratio of 5, the following 
assumptions are made— 

(i) Tho clearance is filled with residuals at 15*4 lb. per sq. in. abs., and 
1,600° F., and that these first expand adiabatically to 12-8 lb. per sq. in. abs. 
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behind an imaginary insulating diaphragm separating them from the incoming 
charge. 

(ii) For the remainder of the induction stroke, fresh mixture is drawn in 
at 12-8 lb. per sq. in. abs. and 140° F. 

(iii) The diaphragm is now withdrawn and the gases allowed to mix while 
the piston is at the out end of tho stroke. 

Find (a) the resulting temperature of tho charge, 

(b) the volumetric efficiency based on N.T.P. conditions. 



Residuals 

Incoming 

Gas 

C, 

0-250 

0-24 

C. 

0179 

0*17 


( U.L ., B.Sc. {Eng.) 1944.) 


The three stages are illustrated in Fig. 94. 


p c =/54 
7^= 2060 

_Stroka 
■*“ Volume"*’ 


^ ^ 


p, * 126 
T, 





Original Residuals 


After Adiabatic 
Expansion 

Fio. 94 


(a) Adiabatic Expansion of Residuals 


p r 128 

T, 

p 2 -72-5 

T 2 *600 


1 

1 


Fresh Mixture In 


0-250 

0-179 


1-4 


Ti = T C 


/12-8\LhI 

M y 


( 1 9.B\ 0-286 

= 1,954° F. abs. 


PjVi _ PcV c 

T x T' 


PcTi 

PiT. 

15-4 1,954 




12-8 • 2,060 

As the compression ratio is 5, then 
As t>! + f* = V + v c 


114t; e 

V + V c 


5 and t; = 4v c . 


v, 
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V 2 = V + v c — iq 

= 4v c + v c —M4 = 3-8(5 v c 

( b ) After Withdrawal of the Diaphragm 

As the system is an isolated one, no heat being transferred from 
or to the exterior surroundings, and no external work being done ■— 

Loss of internal energy of residuals — gain of internal energy of 

charge 

therefore the values of R and the weights of residuals and charge 
arc required. 

For residuals, R r - (C v - C V )11H = (0-25 - 0-179)778 

- 55-24 ft-lb. per lb. per ° F. 

For charge, R c -- (0-24 — 0-17)778 

— 54-40 ft-lb. per lb. per ° F. 


For residuals, w r 


For charge, w c 


p r v r ^ p,v ± 

R/I\ ~ R r T c 
15-4 X 144 
55-24 x 2,060 V ° 


0-0195 r c lb. 


p 2 v 2 12-8 X 144 
B c T 2 ^ 54-46 X 600 ^ 


12 8 x 144 
54-46 X 600 


3-86r c = 0-218r c lb. 


If T s — final temperature of mixture 

w r X sp. lit. of residuals (T x — Tf) = iv c X sp. lit. of charge X 

(Ts~T 2 ) 

i.e. 0-0195 x 0-179(1,954- T s ) - 0-218 x 0-17(7 T s - 600) 
i.e. Final temperature of mixture T s -~ 716° F. abs. 

Volumetric Efficiency 

The volume of charge drawn in — v 2 at 12-8 lb. per sq. in. and 
600° F. At N.T.P. this volume becomes 


12-8 492 

l '» x 14:7 x 000 


3-86u c x 


12-8 492 

14-7 X 600 


2-75r 


C 


The stroke volume — 4v c 

2-75 

Volumetric efficiency — --- — 0-69 

Determination of Thermal Efficiency from Air Consumption. In 

measuring the thermal efficiency of an engine it is customary to 
measure the fuel consumption, and, knowing its calorific value, so 
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to determine the quantity of heat supplied. With this method, if 
some fuel is unburnt, or if some lubricating oil is burnt as fuel, the 
value of the efficiency so obtained is somewhat indefinite in its 
meaning. Ricardo has pointed out that this is especially the case 
in a multi-cylinder engine where a waste of fuel is possible due to 
irregular distribution to the cylinders, a fault which does not arise 
from the thermodynamic characteristics of the engine. 

If, in burning 1 lb. of fuel with its requisite quantity of air, 
instead of regarding the heat generated H as identified with the 1 lb. 
of fuel, wo think of this heat as identified with the x lb. of air 
necessary for complete combustion, we may speak of the calorific 
value of the air instead of that of the fuel. This quantity will be 

—. Thus, by measuring the air consumption instead of the fuel 

consumption, we obtain an efficiency to which it has been suggested 
the term combustion chamber efficiency be given. 

Ricardo has pointed out that the calorific value of air so defined 
is remarkably constant for liquid fuels. This is shown in Table XIII 
where it will be seen that the energy liberated per pound of air is 
approximately 1,300 B.Th.U. for all fuels, while for the petrols, the 
variation is only from 1,275 to 1,295. Ethyl alcohol gives the greatest 
amount of heat energy per pound of air. 

TABLE XIII 

Air Consumption ( H . R. Ricardo) 


Fuel 

Effective Lower 
Calorific Value, 
B.Th.U. per lb. 

Air to Fuel Ratio 
at Correct 
Mixture Strength 

Hoat Liberated 
by 1 lb. of Air, 
B.Th.U. 

Petrol or Gasoleno — 
Sample A . 

19,200 

1505 

1,275 

„ B . . . 

19,020 

14-7 

1,295 

„ c . . . 

19,120 

14-8 

1,293 

„ D . 

18,900 

14-6 

1,295 

„ F . . . 

19,250 

150 

1,285 

„ V . • • 

18,920 

14-7 

1,288 

Keroseno 

19,100 

150 

1,275 

Hexane .... 

19,390 

15-2 

1,275 

Heptane .... 

19,420 

151 

1,285 

Benzeno .... 

17,460 

13-2 

1,320 

Toluene . 

17,0G0 

13-4 

1,315 

Cyclohexane 

18,940 

14-7 

1,290 

Ether .... 

16,830 

130 

1,295 

Ethyl Alcohol, 99% 

11,950 

8*95 

1,335 
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Tables XIV and XV show the results of some experiments by 
Ricardo in which he measured the air consumption in order to 
determine the combustion efficiency, and from the observed 
maximum mean effective pressure developed, so ascertained the 
thermal efficiency. It will be noticed that no matter what the excess 
of fuel present, there is little variation in the air consumption, while 
the maximum efficiency is for a mixture with about 20 per cent 
excess of fuel. 

TABLE XIV 

Petrol, Sample />, Compression Ratio, 5 : 1 (//. R. Ricardo) 


Mixture 

Strength 

Total Air 
lb. per hr. 

Indicated 
Mean Pres¬ 
sure, lb. 
per sq. in. 

Indicated 

Horse¬ 

power 

Lb. of Air 
per I.H.P. 
Hour 

Indicated 
Thermal 
Efficiency 
Per Cent 

Correct . 

190-0 

132-0 

32-0 

6*13 

32-1 

Excess fuel 6% 

190-5 

1350 

32-7 

6-0 

32-8 

„ „ io% 

197-0 

130-5 

33-1 

5-95 

33 1 

„ 16% 

197-5 

137-5 

33-3 

5-93 

33-2 

„ 20% 

198-1 

138-0 

33-4 

5-94 

33-16 

„ „ 25% 

198-5 

138-0 

33*4 

5-90 

33-05 

„ „ 30% 

199-5 

137-5 

33-3 

5-98 

32-86 

», »» 35% 

200-0 j 

130-5 

331 

6-04 

32-7 


TABLE XV 

Ethyl Alcohol, 99%, Compression Ratio, 6 : I ( H . R. Ricardo) 


Mixture 

Strength 

Total Air 
lb. per hr. 

Indicated 
Mean Pres¬ 
sure, lb. 
per sq. in. 

Indicated 

Horse¬ 

power 

Lb. of Air 
per I.H.P. 
Hour 

Indicated 
Thermal 
Efficiency 
Per Cent 

Correct . 

199-0 

141-0 

34-2 

5-82 

32-9 

Excess fuel, 5% 

199-5 

143-0 

34-G 

5-77 

33-3 

„ 10% 

200-0 

144-5 

35-0 

5*72 

33-65 

.. „ 15";, 

201-0 

145-5 

35-25 

5-70 

33-7 

.. 20% 

202-0 

140-5 

35-5 

5-09 

33-75 

,i ,, 25°', 

203-0 

147-0 

35-0 

5-70 

33-7 

” „ :»U°n 

204-0 

147-3 

35-7 

5-72 

33-65 

.. 35% 

205-0 

147-6 

35-8 

5-73 

33-6 


A reference to Table XX shows that the indicated thermal 
efficiency based on fuel is less than that based on air. This is due 
to the layer which escapes complete combustion by adhering to the 
cold cylinder walls. 

Example 4. In reckoning tho thermal efficiency of an internal combustion 
engine from the air consumption, what is meant by the ‘‘calorific value” of 
a pound of air? 

Calculate the thermal efficiency of a petrol-engine which developed 321.H.P., 
using 196 lb. per hour of air. The liquid fuel may be assumed to be heptane 
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(C 7 H lf ), and tho fuel-air ratio may be assumed to have been “correct.” The 
effective heating value of 1 lb. of heptane (i.e. the lower calorific value plus 
latent heat of tho vapour) is 10,775 C.H.U. (t/.L., B.Sc. (Eng.), 1933.) 

The combustion equation for heptane is— 

C 7 H 16 + 110 2 = 7C0 2 + 8H 2 0 

weights' 3 [ 100 + 352 = 308 + 144 

Hence weight of air required per lb. of fuel for complete com- 

. .. • 352 x 100 

bustion xs 1(M)x23 =15 3 lb. 


Hence higher calorific value of air 
10,775 


15*3 


— 704 C.H.U. per lb. 


Energy supplied = 
Energy given out = 


704 X 196 = 138,000 C.H.U. per hour 
32 x 33,000 X 60 


1,400 

= 45,250 C.H.U. per hour 

4re OP>0 

Thermal efficiency = = 0-328 


In any internal combustion engine, the H 2 0 formed by the 
combustion is still vapour in the exhaust. Hence it is often the 
practice to take the lower calorific value of the fuel in calculating 
the thermal efficiency. In this case— 


Weight of H 2 0 formed per lb. of fuel = 1*44 lb. 
Hence lower calorific value of air 


10,775- 1*44 x 624 
15*3 


(see p. 221) 


= 645 C.H.U. per lb. 
Thermal efficiency 

45,250 


j 


196 x 645 


= 0*358. 


Variation of Specific Heat with Temperature. We shall see later 
that the specific heat of a gas increases with the temperature. The 
practical determination of this variation is extremely difficult, but 
as experimental technique becomes more perfect so we are gradually 
obtaining more reliable data. 

For any but the most exact work it is generally assumed that tho 
value of specific heat is a linear function of the temperature, that 
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is, that C v = a + kT and C v = b + kT where a, b and k are 
constants. 

Thus the characteristic constant R == C p -C v = a-b. 

Instead of considering the actual value of the specific heat of an 
internal combustion engine mixture, it is often more convenient to 
use the internal energy content of the gas. As dE — CjLT the gain 
in internal energy of a gas when the temperature rises from absolute 
temperature T x to T 2 may be calculated from the eauation 

rT 2 pT 2 r T a 

E 2 - E x = J CJT = J (b + kT)dT = ]bT + -i J 

If we consider the internal energy as zero at a temperature of 
100° C., then the internal energy of a gas at a temperature T absolute 

is equal to b(T - 373) -f |(T 2 - 373 2 ). 

At very high temperatures the v ariation of specific heat is some¬ 
times expressed in the foljowingform— 

C v — a -(- bT + cT 2 and C v = a x + bT + cT 2 
making Ii = a x - a 

It will now be useful to consider the effect of these variations on 
the various equations that we have so far obtained on the assumption 
of constant specific heat. 

Adiabatic Expansion with Variable Specific Heats. 

1. Assuming C v = a + kT and C v = b -f kT 
then for an adiabatic expansion C v v . dp + C v p . dv = 0 (p. 71) 
(b + kT)v.dp + (a + kT)p.dv = 0 

pv 

Dividing by pv and substituting the value of T = ~ 

+ a ^ + ^v.dp + p.dr) = 0 

& + a d -! + Lfr) - 0 
p vR 

k 

Integrating b loge p + a log£ v -f —( pv) = Constant 
Taking antilogs 

p b v a e R = Constant 
• k -T 

pvt>e b — Constant 


or 
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This expression may be put in another useful form by substituting 

for p = — then 
v 

RT - k T 

-v 6 £*> — Constant 

v 


/-_i\ if 

Tv' b ' e b = Constant 


J 


Tliis is useful in finding the temperature rise due to adiabatic 
expansion. 

?. Assuming C v = a -f bT + cT 2 and C 9 — a x + bT + cT z f 
then R = a x - a 

In adiabatic expansion dE = C v .dT = -p >dv 

c v ■ Y +1 -,.do = 0, that is, C v . y + R ■ 0 

Substituting for C v and 1?, 

JI + b. dT + cT. dT + (oj - a)- = 0. 

Integrating, 

a log£ T + 6T + ^T 2 -f (oj - a) logf v = Constant 


(a,-a) (bT F *,T*\ 
v F' - / 


T a v 1 £ v ” - f = Constant 

Rate of Heat Reception with Variable Specific Heats. 

Here dQ =<?«,• dT-f p dv (p. 81) 


dO dT dT 1 / dp\ , ou 

d? = but dir = i (* + r • df) by d,fIcrentiatin K T = | 

. <*0 c,/ dp\ 

•• dT = fi + .(!) 

Now, take C v = a + IcT, and C, = 6 + kT } R = C P - = a - 6, 

and when T = 0°C. (abs.), ~ = y 0 = ~ 

& 

Substituting these values of (7* and R in (1) 

dQ b + kT t dp\ 
dv a - 6 v * dv j ^ 

= ^6 {^ a -P 6 + P b + ? kT + bv -tv + kTv '% 

kTv dp] 


( 2 ) 


\ 

r> 


o dp p&T 
^6 + v 'dv + b 


^ b 'dv 
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dQ 1 / dp\ lcT l dp\ 

■■ ^-y~i[p yo + v - Tv J h- b (p + v.- d -j . (3) 

For constant specific heats, k — 0, and this equation becomes 

S = y-ZJ (p-y+ v -%)> a sin( 12 ) ( P - 81 ). 

Rate of heat reception when the expansion or compression follows the 
law p . v* = c, a constant. Then v . = - np (p. 82), and sub¬ 

stituting in (3), 

dQ 1 JcT y Q -n kT 

Tv “ 7.-1 <r' -” y) + TTb ^• r + ,-T (l - ” )!> 


Vn 1 «-6 ^ 


• (4) 


\ y 0 — 1 a-bjr . 

For constant specific heats, k = 0, and this equation becomes 

^ ~ ~~~l 'P> same as (13) (p. 82). 

Change of Entropy with Variable Specific Heats. The equation for 
entropy given on p. 127 is 

j i. dQ dT dv 

dt = Y =C V ' Y + R.- 

Substituting the values of C v and R from p. 297, 

= ^.dT + t.dT + ia-b)^ 

Integrating 

<f>t - <t>i = b . logj^ + HT 2 ~ TJ + (a - b) log/ 4 

1 1 V l 

To obtain the expression in terms of T and p wo have ^ 

1 1 Pi v i 


so that 


logt^r* = log/ 2 + log/ 4 


Hence substituting 

4 > t~4>i — b lo^; + k(T t - TJ + (a - 6) log^S - (o - 6) log^? 

= a log£ + - 7\) - (a - 6) log/- 4 

* 1 Pi 
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T 

Also, substituting in this equation for log^^ wo have 

1 

<f >2 - <f>i = o log/- + a log^ 2 + k[T t - 1\) - (a - b) log/ 2 
Pi V l Pi 

= alog^+ k(T i -T 1 )+b\ 0ge P J 
V l Pi 

If specific heat is constant then a = C pi h — C v and k = 0. By 
putting these values in the above equations, the equations for 
constant specific heat can be obtained. ^ 

Example 5. All engine working on the constant volume cycle has a com¬ 
pression ratio of 10 to 1. The temperature riso during compression is from 
120° F. to 1,050° F. and at the beginning and end of expansion t he temperatures 
are 2,640° F. and 780° F., both the compression and expansion being adiabatic 
and occupying the whole stroke. 

Assuming that the specific heat at constant volume has the form b -{- sT 
where b and 8 are constants and T is the absoluto temperature, and that the 
value of R is 53*3, find (i) the values of b and s, and (ii) the theoretical 
efficiency. 

(U.L., B.Sc. (Eng.) 1047 .) 

(i) Let Fig. 95 represent the p-v diagram where 


*’2 *3 



Fig. 05 


Then 


A Vi 

and —® 

Vi 


r t T 3 

v 3 A 


an d''* 

A -* 1 


10 X 


,0 X Iff - 20 « 

3,100 


1,240 


25 0 


The adiabatic equation for variable specific heats (p. 297) may be 
written p^e 37 = constant. 
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Hence for the compression 1 to 2, Fig. 95 

b l°g« Pi V « log* v l + ST l — b log s P 2 + a log* « 2 + Sl\ 

or - 2-36 log 1( X? 2-3a log 10 ^ = S(T 2 - T x ) 

P 1 T 2 

— 2-3 x (log 10 26-03)6 + 2-3(log 10 10)a = #( 1,510 - 580) 

and - 3-25576 + 2-3 a - 930#.(1) 

Similarly for the expansion from 3 to 4 

- 3-21526 -|- 2-3a - 1,860# . . . (2) 

From Eqs. 1 and 2 eliminating a 

6 - 22,960# .... (3) 

But <\ m 6-4 ST and (' p --- a •- ST 

Hence R (\ —( \ =-- a — 6 and a -- R -)- 6 — - 4 - 6 

- 0-0685 I- 6 
and from Eq. 3 

a - 0-0685 !- 22,960# . . . (4) 

From Eqs. 2 and 4 

3-21526 4* 2-3(0 0685 1 22,960#) = 1,860# 
Substituting the value of 6 from Eq. 3 
# --- 0*00000689 
and from Eq. 3 

6 22,960 x 0-00000689 - 0-158 

C v - 0-158 + 0-000006897* B.Th.U. per lb. per 0 F. 

(ii) During the constant volume combustion from 2 to 3 Fig. 95 
Heat supplied ----- increase in internal energy 



Heat supplied 


0-158(3,100 - 1,510) 


0-00000689 


(3,100*- 1,510 s ) 


= 276-5 B.Th.U. per lb. 
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Similarly for points 4 and 1 

Heat rejected = b(T t - 7\) -|- r, (77 - ?V) 


= 0-158(1,240- 580) 

+ 0-^0689 (1 240 , 


580’) 


= 108-4 B.Th.U. per lb. 

Work done = Heat supplied — Heat rejected 
- 276-5 - 108-4 
= 168-1 B.Tli.U. per lb. 

Efficiency = = 0*608 


Practical Determinations of the Increase of Specific Heat. If a 

combustible mixture is ignited in a closed vessel, the temperature 
and pressure will obviously rise. The rise of pressure recorded in 
practice is always considerably lower than that calculated from the 
equations— 

Heat taken in = C V {T 2 - T x ) and pv — RT 

The possible reasons for this discrepancy may be summarized as 
follows— 

1. Cooling Due to Loss of Heat. Heat may be lost to the walls of 
the vessel before the greatest pressure is reached. This loss will 
depend on the position of the point of ignition, and the amount of 
turbulence created by the combustion, which in its turn affects the 
rate of propagation of the flame through the mixture. This loss 
should also depend on the sizo and shape of the vessel. 

2. Dissociation. A part of the normal products of combustion 
may be dissociated into CO, H 2 , and 0 2 until after the highest 
temperature has been reached and some heat lost to the walls, 
recombination only taking place when the temperature has thus 
been lowered below the dissociation temperature. If this were the 
only cause of the pressure loss, one would expect this loss to be 
increased as the richness of the combustible mixture was increased, 
and hence as the maximum temperature was raised. 

3. After-burning. The completion of combustion may not bo 
instantaneous, and thus will not be complete by the time the 
maximum pressure is reached. This presupposes that the chemical 
reaction of combustion, once started, takes a definite time to become 
complete. There is some doubt whether this is the case. 

4. Increase of Specific Heat with Temperature . If the value of the 
specific heat of the products of combustion increases with temper¬ 
ature, then the rise of temperature actually produced by a given 
quantity of heat will obviously be less than would be the case with 
constant specific heat. 
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While all these facts play their part in lowering the maximum 
pressure obtained on combustion, by far the most important factor 
is the increase of specific heat. In practical determinations, the 
great difficulty at the high temperatures required with modern work 
is to obtain an accurate estimate of the heat lost to the walls of the 
vessel before the maximum pressure is reached. This is especially 
the case with a slow-burning mixture. 

There are two general methods of approaching the problem 
practically. One is to obtain experimental results for each constitu¬ 
ent gas, and from these results calculate values for any required 
mixture. The objection to this method is that the properties of the 
individual gases may not be a reliable criterion of the behaviour 
of the mixture in an engine cylinder. The second method is to 
determine the values of the apparent specific heat of the actual 
mixtures under conditions as near as possible to the working con¬ 
ditions in the engine cylinder. 

It is impossible to deal here with all the practical work already 
carried out in this connection, and only a brief outline can be given. 
The practical methods may conveniently be divided into four 
classes— 

(i) Sir Dugald Clerk’s experiments. 

(ii) Constant Pressure experiments. 

(iii) Constant Volume experiments. 

(iv) Spectroscopic measurements. 

(i) Sir Dugald Clerk* used a method of alternately compressing 
and expanding the products of combustion in a gas engine cylinder. 

By means of a special arrangement, the exhaust and inlet valves 
were kept closed at the end of an explosion stroke, and the burnt 
products were heated by compression on the return stroke and 
cooled by the next expansion, the speed was kept up by the energy 
of the flywheel, while a continuous indicator diagram was taken 
for a series of successive compressions and expansions. 

Fig. 96 shows the ordinary compression and explosion curves, 
with one compression, ABC, and expansion, CD, of the exhaust gases 
in the cylinder. The change of internal energy in any portion BC 
of a compression stroke is equal to the work done, less the heat 
lost to the cylinder walls ; in an expansion stroke CD it is the work 
done plus tho heat lost. The loss of heat comes in as a correction, 
of some uncertainty, on the work done and was estimated by a 
comparison of tho compression line BC and the following expansion 
CD. The total heat loss in the first partial compression and 
expansion line in the diagram BCD , Fig. 96, is estimated from the 
fall of temperature and from the net work done, represented by 
the area BCD in the double operation, and amounts roughly to 
half the work done in expansion. This loss has to be divided between 

• Proc. Roy. Soc ., Sec. A, Vol. 77, p. 500. Proc. Inst. C.E ., Vol. 169 (1907), 
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compression and expansion. The calculation is based on the 
assumption that the total heat loss from the hot gases, during 
any given portion of a stroke is the same in expansion and com¬ 
pression if the mean temperature is the same. 

(ii) In constant pressure experiments, the gas under constant 
pressure flows steadily through a heater and then through a calori¬ 
meter, where it is cooled. The temperature before entering and just 
after leaving the calorimeter, and the quantity of heat evolved, are 
measured. This quantity, less the work done in contraction, is the 
change in the internal energy of the gas corresponding to the fall 
of temperature. Such experiments were carried out by Regnault, 



Fig. 96. Indicator Diagram of Explosion, Followed 
by Compression and Expansion of the Burnt 
Products Within the Cylinder [ Clerk ) 

Wiedermann, Wilkowski, Holborn, and Henning,* and others. 
Swann determined the specific heats of air and C0 2 by the continuous 
electric heating method of Callendar.f 

In experiments of this type, the highest temperature practically 
attainable is limited. 

(iii) In constant volume determinations the gaseous mixture is 
heated by internal combustion in a closed vessel, a pressure record 
being obtained. In this method the apparent specific heat including 
the effect of any dissociation can be determined, but the difficulty 
of determining the heat lost to the walls of the vessel still remains, 
especially at the high temperatures required for modern work. 
Workers on these lines include Joly4 Mallard and Le Chatelier,§ 
Langen,|| Hopkinson,^ Pier and Bjerrum,** David and Lcah.ff 

* Ann. der Phys ., Vol. 23 (1907). 

f British Assoc. Report (1908) and Phil. Trans. (1910). 

♦ Phil. Trans. A, Vol. 182 (1891), p. 73, and A (1894), p. 943. 

§ Comptes Rendus , Vols. 91, 93 (1880-81). 

|| Z. V.D.I., No. 18 (1903) and Vol. IX (1916). 

% Proc. Roy. Soc ., Vol. 77, A (1906). 

** Phys. Zeit., p. 973 (1913). Zeit.fiir EUktrochem. (1909 -1912). Zeit.filr 
Phys. Chem. (1912). 

tt Phil. Mag., 1934, Seventh Series, Vol. 9, p. 307. 
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(iv) The modern values of specific heats are derived from quantum 
statistics, and verified experimentally by spectroscopic analysis. 

Numerous authorities have attempted to express the values of 
the specific heats of the gases concerned in the working fluid of an 
internal combustion engine in the form of an equation. These 
results are still somewhat inconsistent among themselves, and only 
typical results can be quoted here. The student is, however, 
referred to the various authorities* for more detailed information. 

The results given by Langen are as follows— 

Air C v = 4-8 + 0-0012$ cal. per mol. 

C0 2 C v = 6*7 + 0 0052$ cal. per mol. 

H 2 0 C v = 5-9 + 0 0043$ cal. per mol. 

where $ is ordinary temperature in ° C. 

Partington and Shilling! give the following equations— 

0 2 , N 2 , CO, Air 

C v = 4*97 + 0 00017$ + 0-00000031$ 2 cal. per mol. . (1) 

C0 2 C v = 6-7 + 0 0045$ - 0-00000102$ 2 cal. per mol. . (2) 

H 2 0 (from 0 to 1,700° C.) 

C v = 6-75 - 0 00119$ + 0-00000234$ 2 cal. per mol. . (3) 

(from 1,700 to 2,500° C.) 

C v = - 12-652 + 0-02214$ - 0-00000467$ cal. per mol. (4) 

An equation expressing tho specific heat of any given gaseous 
mixture can be calculated from these or similar equations if the 
composition is known. Thus the mixture used by Clerk had a weight 
of 0-07833 lb. per cu. ft., and was of the following percentage 
composition by volume, N 2 75, 0 2 8, C0 2 5, H 2 0 12. Remembering 
that the specific heats given above in calories per mol are for a 
volume of 359 cu. ft. for any gas, w r e multiply each equation by 
the appropriate proportion by volume, thus obtaining the following 
equations - 

For 0-75 N 2 + 0-08 0 2 , 

C v = 4-125 + 0-000140$ + 0-000000257$ 2 from equation (1) 
For 0-05 CO, 

C v = 0-335 + 0-000225$ - 0-000000051$ 2 from equation (2) 
For 0-12 H 2 0 

C v = 0-810 - 0-000143$ + 0-000000281$ 2 from equation (3) 
Adding for the mixture 

C„ = 5-27 + 0-000222$ + 0-000000487$ 2 cal. per mol. (4a) 

* The Specific Heat of Oases, by Partington and Shilling (Benn). “Specific 
Ho&ts of Gases at High Temperatures,’* by D. R. Pye in Diet, of App. Physics, 
Vol. 1. “The Development of Variable Specific Heat Charts,” Walker and 
Itogors, Proc. Inst. Meek .Eng., 1948, Vol. 159, p. 301. 

t The Specific Heat of Oase^s, by Partington and Shilling (Benn). 
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Sir Alfred Ewing* by another method obtained for this mixture, 
C v = 5-2 + 0*00086$ + 0*0000006$ 2 cal. per mol. 

To obtain a value of the specific heat in ft-lb. per cu. ft., we can , 
multiply equation (4a) by 3*9. 

Thus C v = 20*55 + 0*000860$ + 0 0000019$ 2 ft-lb. per cu. ft. (5) 

Taking a donsity for this mixture as given above of 0*07833 lb. 
per cu. ft. and dividing equation (5) by this figure, and by 1,400, 
we obtain 

C v = 0*187 + 0*0000079$ + 0*000000018$ 2 lb. cal. per lb. 

Instead of using a value of the actual specific heat at any temper¬ 
ature, it is often more convenient to know values of the mean specific 
heat between two given temperatures. 

Values of the mean volumetric specific heats in ft-lb. per S.C.F. 
between 100° C. and the given temperatures, published in tho 
Empire Motor Fuels Committee Reportf are as follows— 


TABLE XVI % 


100° C. up to | 

o 

O 

o 

o 

1000° 

! 

1500° 1 

| ! 

2000° 

2500° 

j 3000° 

! 

Diatomic Gases 

20-2 

20-6 

21-5 

22-4 

23-4 

24-6 

Water Vapour 

24 4 

271 

29-8 

32-8 

37-9 

43 0 

Carbon Dioxide 

32-2 

37-25 

39-25 

40-9 

42-4 

42-7 


To convert these figures to calories per mol, they should be 
divided by 3*9 (see p. 61). 

It should be noticed that the rise of mean specific heat with 
temperature is definitely greater in the case of H 2 0 than in the case 
ofC ° 2 . 

It should be noted that the equations in this section arc expressed 
with ordinary temperature. A simple calculation will convert them 
to absolute temperature. Thus equation (1), p. 305 can be expressed 
as— 

For diatomic gases 

C v = 4*97 + 0*00017(T - 273) + 0*00000031(T - 273)* 

= 4*9467 + 000000077 1 + 0 00000031T 2 . . (6) 

If we assume a value of y = 1*4 at 0° C. (abs.), we obtain 

C v = 6*9254 + 00000007T + 0-00000031T 2 . . . (7) 

* Thermodynamics for Engineers. 

f Proe . Inst. Auto. E., 1923. 

X From The Internal Combustion Engine by D. It. Pye (Oxford University 

Press). 
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In modern work it is considered preferable to use tables of the 
properties of gases, rather than equations showing the relations 
between the various properties and temperature.* 

The Ratio of the Specific Heats. It has been shown on p. 109 that 
from a consideration of the kinetic theory of gases, for a perfect 
diatomic gas 

C v = \r and C v — \r, whence y = \ = 1*4 
Z Z 5 

It has also been shown that for gases with molecules of more than 
two atoms, the theoretical value of the ratio of the specific heats 
is 1-33. These theoretical values should be compared with the 
practical values given in Table XVII. 

In actual gases the value of y decreases with a rise of temperature. 
This will be evident from an examination of the equations (6) and 
(7). Thus from these equations we see that for a temperature of 
1,000° C. (abs.) 

C v = 7*236 and C v — 5*257, whence y — 1*376 
The practical determination of y has been carried out in various 
ways. Table XVII gives a few values quoted from the work of 
Messrs. Partington and Shilling.f 
The classic experiment for the determination of y was made by 
Clement and Desormes. They used a large glass reservoir furnished 
with a tap and a manometer. The reservoir was partially exhausted 
and its contents were allowed to assume room temperature, when 
the pressure was measured. The tap was then opened for a moment 
to establish equilibrium with the external atmospheric pressure and 
was then closed. When the temperature had again steadied down 
to the room temperature, the pressure was again taken. 

Let the original pressure and volume be p x and i\. When the tap 
was opened, the pressure rose to atmospheric p a and the volume of 
the original contents was reduced to v a by the entering air. If this 
change is assumed to be adiabatic, pp'p' — p rt e a ;'. 


TABLE XVII 


GA8 

Temp. t° C. 


0 1 

1000 

| 2000 

Diatomic Gasoa 

1 -402 

1-365 

1*303 

OO t . 


1*195 

1-171 

H a () . 

— 

1*252 

1*153 

H, . 

1410 

j 

1*358 

1*3 IS 


* Qas Tables, by Keenan and Kayo (John Wiloy and Sons). Tables of 
Properties of U<iscs by Goyer and Bruges (Longmans Green and Co.), 
t The Specific Heat of Oases, by Partington and Shilling (Bonn). 

11 - (Lm.V*) 
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When the tomperature thus produced falls again to the original 
room temperature, the final volume and pressure are given by 
P * v o = m- 

Hence y = ggPtZ. 10 8P. 

log p, - log p 2 



Fio. 97. Internal Eneroy of Burnt Products in a 
Gas Engine 


Example 0. Air is forced into a vessel fitted with a thermometer and a 
pressure gauge. After the air has assumed the atmospheric temperature, the 
pressure is 150 lb. per sq. in. The vessel is then opened for a very short timo, 
in which the pressure in the vessel falls to that of the atmosphere, 15 lb. per 
sq. in. When the temperature in the vessel is again restored to that of the 
atmosphere, the pressure is observed to bo 29 lb. per sq. in. 

Find from this data, the ratio of the specific heats of air. 

(U.L., n.Sc. ( Rng.) t 1934.) 

__ log 150 - log 15 
^ log 150 - log 29 
= 1-401 

The Internal Energy Curve. It has been shown on p. 297 that if 
we know the value of the specific heat of a gas for any temperature, 
we can calculate the internal energy from the expression 



The curve, Fig. 97, shows the internal energy E of the working 
fluid in the gas engine taken from that given by the British Associa¬ 
tion Committee on Gaseous Explosions after discussion of the best 
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available results of experiments by Langen, Mallard, and Le 
Chatelier at the highest temperatures; Clerk, Holborn, and Henning 
over the lower range. It should be noted that the internal energy 
is taken as zero at t = 0° C. 

We will now calculate some values for the internal energy from 
equation (4a), p. 305, which was calculated for this mixture. We 
shall, however, consider internal energy as zero at t = 100° C. 

Thus C v = 5-27 + 0-000222* + 0-000000487* 2 cal. per mol. per ° C. 

E = 5-27 (t - 100) + 0 : (X ^ )222 ( t 2 _ 100 2) 

+ - 7 (t! 3 - 100 3 ) cal. per mol. per ° C. (8) 

Substituting for t in this equation we obtain 


t 

I 1,000° c. 

■ 2,000° C. 

3,000°C. 

K j 

5,015 i 
19,558 

11,752 

45,833 

20,655 lb. cal. per mol. 
80,554 ft-lb. per cu. ft. 


These values should be compared with those shown in Fig. 98. 

The internal energy can also be calculated from the values of 
mean specific heat given in Table XVI. The first step is to find 
values of the mean specific heat of the mixture. This is done by 
multiplying the specific heat of each constituent gas by its propor¬ 
tion by volume, and adding the proportionate values so obtained. 
This is done in the table given below, the working being shown for 
500° C. 

The value of the internal energy can now be obtained by multi¬ 
plying these values of specific heats by the rise in temperature from 
100° C. as in the table on p. 310. 


Gas Corn pewit ion Proportional Mean Specific Heat (ft-lb. per cu. ft.) 

by Volume from 100° C. to 


Ni 0-75 > 

O, 0*08 \ 

11,0 012 

CO, 006 

500° 

1,000° 

1,500° 

2,000° 

2,500° 

3,000° 

0-83 x 20-2 - 10-77 

17*10 

17-85 

18-59 

19-42 

20*42 

0-12 X 24-4 - 2 03 

3-25 

3-58 

3-94 

4-55 

5*23 

0 06 X 32*2 » 1*61 

1-86 

1-96 

205 

2 12 

214 

Mixture (by addition) 

21*31 

22*21 

23-39 

24-58 

26-09 

27*79 
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Temperature 
t° C. 

Internal Energy (ft-lb. por cu. ft.) 

500 

21-31 X 400 = 8,524 

1,000 

22-21 x 900 = 19,989 

1,500 

23-39 X 1,400 - 32,746 

2,000 

24-58 X 1,900 = 46,702 

2,500 

26-09 X 2,400 = 62,616 

3,000 

27-79 X 2,900 = 80,591 


These values are shown plotted on the curve AB t Fig. 98. 



In a similar manner the internal energy curve for any gaseous 
mixture may be calculated. Thus for a benzene-air mixture, the 
combustion equation is— 

2C 8 H 6 + 150 2 ~> 12CO* + 6H a O 
Proportions by volume are— 

2 -f- 15 —> 12 - {“ 0 
79 

With 15 volumes of 0 2 we have — X 15 = 564 volumes of N 2 . 

Hence the complete equation is 

2C 6 H 6 + 150 2 + 56 4N 2 -* 12CO a + 6H a O + 56 4N 2 
Proportions by volume are 

2 + 15 + 56 4 -> 12 + 6 + 56 4 


744 
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From this the composition by volume of the products of com¬ 
bustion can be obtained. 

The curves AC and AD (Fig. 98) show values of internal energy 
for a correct benzene-air mixture, and for a 50 per cent weak coal 
gas-air mixture, given by Pye.* It will be noticed that although the 
two fuels are quite different, the energy curve for the products of 
combustion do not differ greatly, owing to the fact that the major 
portion of the final mixture is nitrogen. 

Working on these values, Pye gives as a close approximation for 
the internal energy at an absolute temperature T for a range of 
temperature from 100° C. to maxima between 2,000° and 3,000° C. 
for benzene 


E, 


— 549 

100 


+ 7-03 


T--373 

100 


lb. cal. per mol. 


The Determination of Cycle Temperatures. If the temperature of 
one point on an indicator diagram is known, then the temperatures 
of all other points can be determined if we assume that the relation 
pv 

= Constant, holds all round the cycle. Thus, in Fig. 73, if we 


know the temperature T v then r l\ 


m f'2 c 2 

1 Pl V l 


If molecular con¬ 


traction during combustion takes place, then T 3 


TjJhv t 

xp 2 v 2 


(equation 


(1), p. 200). This method, apart from the assumption that the 
working substance behaves as a perfect gas, depends on the accuracy 
with which measurements of volume and pressure can be taken from 
the indicator diagram. 

The problem can be approached from a somewhat different point 
of view if the calorific value of the fuel and particulars of the specific 
heat of the working substance are known. In any practical case the 
variation of specific heat and the effect of dissociation must be 
allowed for, but it will be instructive first of all to consider a simple 
case where the specific heat is assumed constant and where the effect 
of dissociation is neglected. Let us also assume that there is no 
heat loss to the cylinder walls. 

Let Specific heat = 0173 

Compression ratio = 5 
Volumetric efficiency = 1 

Calorific value of fuel (Petrol) = 10,500 C.H.U. per lb., requiring 

14-6 lb. of air per lb. of fuel 


The Internal Combustion Engine , by D. R. Pye (Oxford University Pross). 
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Temperature of exhaust pro¬ 
ducts left in clearance space, 

at 14-7 lb. per sq. in. = 1,200° C. = 1,473° C. (abs.) 

Temperature of fresh charge = 20° C. = 293° C. (abs.). 

y = 1-4 

We must first find the temperature of the cylinder contents, made 
up of the ingoing charge and the products of combustion left in the 
clearance space at the end of the exhaust stroke. For a compression 
ratio of 5, the clearance volume is 0*2, and the ingoing charge is 
0*8 of the total cylinder contents. Hence, at the end of the suction 
stroke, the volume of the total cylinder contents, if reduced to 

N.T.P., would equal X 0-2 j -f 

= 0 037 -b 0-745 
= 0-782 



That is, if we call the total cylinder contents unity, they would 
be reduced to a volume of 0-782 if their temperature were 0° C. 
instead of the actual suction temperature. 

Hence the suction temperature = 273 X = 349° C. (abs.) 

Thus p x (Fig. 73) = 14-7 lb. per sq. in. 

T x = 349° C. (abs.) 

These cylinder contents are compressed adiabaticaily from p x and 
T x to p 2 and T 2 , where 

7’j, = 2’, 1 = 349 x 5°' 4 = 604° C. (abs.) 

and p 2 = Pi = 14-7 X 5 1 ’ 4 = 140 lb. per sq. in. 


The temperature rise due to this compression = 664 - 349 
= 315° C., and the corresponding increase in internal energy, that 
is the work done during the compression, 

= C m (T t -T x ) X 1,400 

= 0-173 X 315 X 1,400 

== 76,290 ft-lb. per lb. of cylinder content 


Now the calorific value of the ingoing charge is for 1 part of 
petrol to 14-6 of air by weight. Therefore the calorific value of the 

ingoing charge = = 673 C.H.U. per lb. 


15-6 
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But of the cylinder contents equivalent to a volume of 0*782, the 
volume of the ingoing charge is equivalent to 0*745. Hence the heat 
liberated per pound of working substance in the cylinder is equal to 

X 673 = 641 C H U - == 897,400 ft-lb. 


Hence the temperature rise due to combustion 
2 , ,-T 1 = ^= „ 6 *!o -3,705° 


C v 0*173 


Therefore 

and 


T 3 = 3,705 + 664 = 4,369° C, 
4,369 


Pz = Ptljr = 140 
1 2 


X 


664 


(abs.) 

= 921 lb. per sq. in. 


The working substance now expands adiabatically to p A and T 4 

y -1 


where 


and 


-*g&’ 


= 4369 


2,295° C. (abs.) 


V 4 


921 


(f- 

= 96*8 lb. per sq. in. 


The work done during this expansion 
= C v (T 3 -T a ) 1,400 
= 0*173(4,369 - 2,295)1,400 
= 502,323 ft-lb. per lb. of cylinder content 

The net work done in the cycle = 502,323 - 76,290 

= 426,033 ft-lb. 

The efficiency therefore = = 0*475 

J 89 1 ,400 

This will, of course, be the same value as that for the air standard 
cycle efficiency found for a compression ratio of 5 on p. 258; for 
we have taken a value for y of 1*4, and we have assumed the same 
constant value of the specific heat for both compression strokes. 

We will now consider the problem, taking into account the varia¬ 
tion of specific heat of the working substance. For example, let 
the fuel be gas of calorific value 300 C.H.U. per standard cubic foot, 
with an air-fuel ratio of 4 to 1. Then the calorific value of the 


mixture will be 


300 


= 60 C.H.U. per S.C.F. 

= 60 x 359 = 21,540 C.H.U. per lb. mol. 


Taking (Fig. 73, p. 256) = 100° C., p x = 14*7 lb. per sq. in., 

and r = 5; also in order to approximate to actual conditions, 
assuming the index of the compression between p x and p t to be 
1*36 (p. 259), we have 

p % = 14*7 x 5 l 35 = 129 lb. per sq. in. 

T % = 373 X 5° 35 = 655° C. (abs.) 
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The work done on the mixture during this compression is 

mzm = (M9 X_ L -14;7 X 5) X 144 = 
y - 1 1*35 - 1 

This is for a volume of 5 cu. ft. at atmospheric pressure and at 
273 

100° C., that is for 5 X = 3*66 cu. ft. at N.T.P. Hence the 

22 834 

work done in the compression = - ft-lb. per cu. ft. 

22,834 

~ 3*66 x 3-9 
= 1,600 C.H.U. per mol. 

It is convenient to consider internal energy as zero at atmospheric 
pressure and at 100° C. Then the internal energy E 2 at point 2, 
Fig. 73, will be 1,600 C.H.U. per mol, while at point 3, the internal 
energy E z = 1,600 + 21,540 = 23,140 C.H.U. per mol. 

But from equation ( 8 ), p. 309, we have, 

E z = 5*27 100) + 0-000111 (< 8 2 - 100 2 ) + 0-000000162(* 3 3 - 100 3 ) 


Substituting the above value of E s , we obtain t 3 = 3,250° C., 
whence T z = 3,523° C. (abs.). It should bo noted that if an internal 
energy curve such as Fig. 98 is available, the temperature can be 
obtained direct. 

During the expansion from points 3 to 4, the values of the index 
y^tnd the specific heat C v will vary. We can, however, obtain a 
satisfactory value for by assuming a constant mean value of y, 
which must be consistent with a constant mean value of C 9 . Let 
us assume that y = 1 * 21 . 

T 3 523 

Then T x = - * { = 2,513° C. (abs.) and t A = 2,240° C. 

r' 5 


Then = 5-27(2,240 - 100) + 0-000111(2,240 2 - 100 2 ) 

+ 0-000000162(2,240 3 - 100 3 ) 

= 13,659 C.H.U. per mol. 

The mean specific heat during the expansion will be obtained by 
dividing the change in internal energy by the corresponding fail in 
temperature. Hence 

~ 23,140- 13,659 n 00 „ „ TT . 

Mean C„ = " 3' 5 2 3 _ 2 513' = 9-387 C H U - P cr mo1 - 


This value of C v must, however, bo consistent with the equation 


If this value had not been consistent with the assumed value 1-21, 
then another value of y must be assumed, and the calculation 
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repeated until the assumed and calculated values were in agreement. 

The work done by the working substance during the expansion 
is given by E z - E^ — 23,140 - 13,659 = 9,481 C.H.U. per mol. 

The net work obtained from the cycle, that is the difference 
between the work done by and the work done on the working 
substance, equals 9,481 - 1,600 = 7,881 C.H.U. per mol. 

7 881 

Hence the efficiency = ~ = 0-366. 

J 21,540 

The above problem has been considered on the assumption that 
there is no dissociation. In practice, the carbon dioxide normally 
formed by the combustion of carbon can, at high temperatures, be 
split up into carbon monoxide and oxygen. In the same way water 
vapour can bo dissociated into hydrogen and oxygen. In both cases 
the amount of dissociation taking place increases with the temper¬ 
ature. In the products of combustion of a fuel, therefore, there is 
an equilibrium mixture of C0 2 , H 2 0, CO, H 2 , and 0 2 , the proportions 
of the various constituents being dependent on the temperature. As 
dissociation is accompanied by an absorption of heat, its effect is 
to lower the maximum temperature below the theoretical value 
calculated on the assumption that no hydrogen or carbon monoxide 
is present in the products of combustion. 

TABLE XVIII 


CO, 


Tornp. ° C. 

Pressure (Atmospheres) 

0-1 

10 

100 

1,500 

3,000 

0-104 

771 

0 0224 

32-2 

0-01 

16-9 


H a O 


Tornp. ° C. 

Pressure (Atmospheres) 

01 | 

10 

100 

1,500 

3,000 

0-043 

28-4 

0-009 

7-04 

0-004 

3-33 
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Table XVIII* on page 315, shows a few values of the degree of 
dissociation of C0 2 and H 2 0 for different temperatures and 
pressures. 

It will be noticed that the degree of dissociation is far greater in 
the case of CO a than with H 2 0, and hence from the point of view of 
dissociation a fuel containing a large proportion of carbon is at a 
disadvantage compared with one containing a large proportion of 
hydrogen. 

Calculations on the effect of dissociation on the maximum 



Fio. 99. Calculated Maximum Temperatures for Benzene 
Air Mixtures 


temperature obtained by the combustion of various fuels have been 
made by Messrs. Tizard and Pyef in the following manner— 

The combustion of benzene with tho correct amount of air, is 
represented by the equation 

2C e H 6 + 150 2 + 56-4N 2 = 12C0 2 4- 6H 2 0 + 56-4N 2 
while for a mixture of any strength, 

2(1 + x)C 8 H fl + 150 2 + 56*4N 2 
= aC0 2 + 6CO + cH 2 0 + dH 2 + e0 2 + 56*4N 2 

where x— + 0-1 for a 10 per cent rich mixture, and -0*1 for a 
10 per cent weak mixture, etc. The authors show how, knowing the 
dissociation constants, the values of the constants a to e can be 
calculated, and hence how the maximum temperatures obtained on 
combustion can be calculated. Fig. 99 shows their results for a 
benzene-air mixture.^ 

* Bjerrium: Zeitschrift fur Phys. Chemie , 1912. 

f Report of Empire Motor Fuels Committee , Inst. Auto. E., 1923, and The 
Internal Combustion Engine , D. R. Pye. 

% From The Internal Combustion Engiiu, by D. R. Pyo (Oxford University 
Press). 
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With no dissociation, the maximum temperature attained will be 
for the correct mixture, but allowing for dissociation the maximum 
temperature is for a mixture 15 to 20 per cent rich. It will be seen 
later that this is the mixture strength which in practice gives 
maximum power. As would be expected, for very weak or very 
rich mixtures, where the temperatures are comparatively low, there 
is practically no effect. 

An internal energy diagram* (Fig. 100) for the working fluid of an 
internal combustion engine has been developed by Ricardo from 
the work of Tizard and Pye. From this diagram the temperatures 
at the beginning and end of the expansion stroke can be read off 
with a fair degree of accuracy. 

Although this curve applies strictly only to the chemically correct 
benzene-air mixture for complete combustion at a compression ratio 
of 5 : 1, it may be taken as applicable within negligible error to any 
other hydrocarbon fuel at the compression ratios commonly used 
in the ordinary petrol engine working on the constant-volume cycle. 
Owing to the different specific heat of the products of combustion 
of alcohol or ether and air mixtures, the curve does not apply to 
these, nor to very rich or weak mixtures, though, with these, the error 
is very small within the working range of a homogeneous mixture. 

The curve gives the heat energy in equivalent foot-pounds per 
standard cubic inch plotted against the temperature on the hori¬ 
zontal scale. Zero energy is taken at 100° C., this being the average 
temperature of the charge at the beginning of compression. The 
difference between the upper part of the two curves, on a vertical 
line, shows the chemical energy stored in the products of dissociation. 

A graphic construction, by Mr. Alcock, is given by which the 
range of temperature throughout the expansion stroke may be 
estimated from the heat of combustion of the mixture and thermal 
efficiency of the engine. The ideal thermal efficiency of the petrol 
constant-volume cycle is taken as 1 - (1 /r) 0 * 258 See p. 321. 

An example is worked out to e xplain the use of the diagram— 

Given the compression ratio R = 5 ; energy content of charge 
= 46*2 ft-lb. per standard cu. in. ; assuming heat loss to the 
cylinder walls during combustion, G per cent; and heat loss during 
expansion, 6 per cent. The heat added to the mixture during com¬ 
pression is allowed for various ratios by the scale PP lt near the 
bottom of tho diagram. 

The point r = 5, representing 3G ft-lb. heat of compression, is 
joined to that valuo above the energy content of the mixture on 
the vertical O x Y x from the 100° C. starting-point, i.e. 46*2 + 3*6, or 
49*8 ft-lb. From this gross energy content per cubic inch must 
be deducted : (a) the loss due to the weakening of the mixture by 
dilution with tho residual exhaust products, assumed to be at 

* The Automobile Erujineer , November, 1922. Reproduced by the kind 
permission of Sir Harry R. Ricardo. 
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1,000° C. ; and (b) the loss to the walls of the combustion chamber 
during combustion. 

At the top of the diagram on the horizontal scale C is marked the 



Fia. 100. Internal Energy of a Petrol or Benzene- 
Air Mixture 


decrease in energy due to dilution, and scale E shows the loss due 
to cooling during combustion. A line is drawn between the two 
points on these scales representing 6 per cent, and the point of inter¬ 
section of this line with the scale D gives the total loss due to these 
two causes, 11*5 per cent. 
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Drop a vertical from this point of intersection to the line joining 
the total energy content 49*8 ft-lb., and the heat of compression on 
the scale PI J V Then a horizontal line is drawn to the energy scale 
0 X Y X on the left, and to the energy curve OA. The point on the 
energy scale shows the net energy available for expansion, 44*5 
ft-lb. per standard cu. in. of charge, and from the curve OA can 
be read off the actual maximum temperature, 2,475° C. 

The drop in temperature during expansion depends on (1) the 
work done on the piston, and (2) the heat loss to the walls. The 
net power output as a percentage of the heat content of the mixture 
given on scale ( 7 , does not cover losses to the walls during expansion, 
which is laid off on scale E. A line drawn between the points on 
scales E and C gives their sum on scale D t as before. A vertical 
from this on D is drawn to meet a line from the net energy point on 
0 1 Y l to the suitable compression point on PP\- As the gross work 
done during expansion is the sum of the net work and that during 
compression, the latter (3*6 ft-lb. in example) must be laid off below 
the point of intersection to find, by the horizontal, the energy 
content at the end of expansion, 24*5 ft-lb. ; and the corresponding 
final temperature, 1,675° C., is read off the curve OA. 

In an actual test of the variable compression engine, having com¬ 
pression ratio 5:1, the observed indicated thermal efficiency is 
31 per cent ; 5 per cent of loss during expansion is due to the 
change of specific volume of the mixture during combustion, so 

that the heat drop is 46-2 x 0*31 X = 13-6 ft-lb. per cu. in. 

Adding to this the 3*6 ft-lb. of compression work restored during 
expansion, and 6 per cent of 46-2, or 2-8 ft-lb. of wall loss, makes 
the total heat drop during expansion 13-6 + 3*6 + 2-8 = 20 ft-lb. 
per cu. in., leaving a final energy content, 44*5-20 = 24*5 ft-lb. 
per cu. in., which agrees with the result found graphically, under 
the same conditions. 

Professor W. T. David and A. S. Leah have published charts* 
from which may be found attainable indicated thermal efficiencies, 
fuel consumptions and mean effective pressures for a petrol engine 
of specified limits of dimensions and working conditions. Charac¬ 
teristic curves are suggested which appear to be capable of yielding 
useful information in regard to the functioning of engines. 

Ideal Efficiency for a liquid Hydrocarbon Fuel (Tizard and Pye). 
It has already been explained (p. 259) how a simple ideal efficiency 
may be adopted as a basis of comparison for any internal combustion 
engine, but it is obvious that the assumptions made render the ideal 
performance so obtained quite unattainable in practice, and this 
limits its value from a practical standpoint. The provision of a more 

* 4t Fuol Economy in Petrol Engines,” David and Leah, Proc. I fist. Mech. 
Kng. t 1940, Vol. 143, p. 289. 
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approachable standard is therefore very desirable, namely, one in 
winch, while still assuming no exchange of heat between the working 
substance and the cylinder walls, yet takes account of the practical 
imperfections of the working substance. 

Messrs. Tizard and Pye* have investigated the ideal thermal 
efficiency of the petrol engine, assuming no loss of heat to the 
cylinder walls, but allowing for losses due to increase of specific 
heat at high temperatures, and for dissociation with recombination 
during explosion and expansion. It has been shown (p. 311) how 



Fia. 101. Thermal Efficiency 
(Tizard and Pye) 

the cycle temperatures and efficiencies for any fuel can be calculated 
assuming no dissociation, and it was indicated how the further 
effect of dissociation on the explosion temperature can be allowed 
for. Working on these lines, Messrs. Tizard and Pye have calculated 
the ideal efficiencies for benzene-air mixtures of different fuel-air 
ratios and varying compression ratios, and their results are shown 
in Fig. 101.t 

Curve I represents the air standard cycle calculated from the 

/\ \ 0-3U6 

equation 2? =1-1-1 ; while curves II, III, and IV have 

been calculated for mixtures 60 per cent weak, 20 per cent weak, 
and correct air-fuel ratio. 

The authors show that the curve for the correct mixture may be 

* Report of the Empire Motor Fuels Committee . “The Internal Combustion 
Engine,” D. R. Pye. 

t From The Internal Combustion Engine , by D. R. Pye (Oxford University 
Press). 
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closely represented by the equation E = 1 - 

/\\ 0*206 

20 per cent weak mixture E = 1 — l - 1 


(r 


while for the 


It should be noted that these equations are empirical, that is, the 
average value of y is not necessarily 1-296 for a 20 per cent weak 
mixture, but that the formula given is a convenient one, and is 
sufficiently accurate for practical purposes of comparison. 

Curve V shows the highest thermal efficiencies actually observed 
with a fuel-air ratio about 15 per cent weak. If we take a 20 per 
cent mixture as the practical standard of comparison, then the 
vertical distances between the curves III and V will represent the 
loss of efficiency due to the loss of heat to the cylinder walls, and 
duo to incomplete combustion. 

Ricardo has expressed the highest thermal efficiency attainable 



This formula represents the limiting thermal efficiency obtain¬ 
able under the best possible conditions in a cylinder of comparatively 
large capacity, with engine speed not less than 1,500 r.p.m., assuming 
(1) perfect carburation and distribution; (2) that the compression 
and expansion ratios arc equal; and (3) that the mixture is homo¬ 
geneous and of the most economical strength. 

Table XIX below summarizes the various thermal efficiencies 
discussed. 

In the curves shown in Fig. 102, the Ideal is plotted from the 
results of Messrs. Tizard and Pye for a 20 per cent weak mixture, 


TABLE XIX 

Ideal Thermal Efficiency 


Com¬ 
pression 
Ratio, r 

Air 
Cycle 
y — 1-4 

Tizard & Pyo 
Correct 
Mixture 
n = 1-268 

Tizard & Pyo 
20% weak 
n = 1-295 

Ricardo 
Limit 
n = 1-25 

Results 
Observed for 
Benzene 
15% weak, 
by Ricardo 

4-0 

0-425(5 

0-300 

0-336 

0-296 

0-277 

4-5 

0-4521 

0-322 

0-359 

0-314 

0-297 

5-0 

0-4747 

0-340 

! 0-378 

0-332 

0-316 

5-5 

0-4944 

0-356 

0-396 

0-348 

0-332 

GO 

0-oIlG 

0-370 

0-411 

0-361 

0-346 

6-6 

0-6270 

0-383 

0-424 

0-375 

0-360 

7-0 

0-6398 

0-395 

0-437 

0-386 

0-372 

7-6 

0-6634 

0-406 

0-449 

0-396 

0-383 

8-0 

0-5647 

0-416 

0-460 

0-406 

— 


* Society of Automotive Engineers , U.S.A.; also The Automobile Engineer , 
September, 1922. 
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this being about the most economical mixture in practice. The 
Possible Limit curve is plotted from the Ricardo formula with 
n = 1-25. 

To calculate the above curves some particular fuel such as a 
benzene-air mixture must be taken, and hence, strictly speaking, 
these figures will only hold for that particular fuel. It has been 
shown in practice, however, that the efficiency for all hydrocarbon 
fuels is the same within narrow limits, provided the supply temper¬ 
ature is the same and that the vaporized fuel is subjected to the 



Fig. 102. Ideal and Indicated Thermal Fi ficiencies 


same compression ratio. This is what is to be expected when it is 
remembered that, whereas a fuel containing a large proportion of 
carbon is at a disadvantage compared to one containing a large 
proportion of hydrogen with respect to dissociation (p. 310), it has 
the advantage with respect to specific heat. The two factors seem 
to balance out, and as long as the fuel consists of carbon and 
hydrogen only, its nature has no appreciable effect on the cycle 
efficiency. 

The Effect of Mixture Strength (Fuel-air Ratio) 

1. The Gas Engine. When discussing the process of combustion 
in the petrol engine (p. 276), it was pointed out that on ignition of 
the explosive mixture not only did the combustion require a definite 
time to complete itself, but also there was a delay period between 
the ignition and the actual start of the pressure rise due to the 
combustion. This also holds for the working substance in a gas 
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engine cylinder. A definite time is required to complete the com¬ 
bustion, and this time will vary between considerable limits depen¬ 
dent on the fuel-air ratio. Hence, if the maximum pressure is to 
be reached before the piston has moved through any appreciable 
portion of the working stroke, the ignition must be advanced as the 
mixture strength is reduced. It has already been stated that, in 
general, the best compromise for maximum power with maximum 
efficiency is obtained if the maximum pressure is reached when the 
crank is about 12° past top dead centre (p. 276), and this was the 



Fig. 103. Effect of Mixture Strength 


standard condition adopted by A. F. Bur stall in his experiments on 
coal gas mixtures.* 

The curve I, Fig. 103, shows the relation between the mixture 
strength and the point of ignition required to give the above 
standard condition for coal gas mixtures. It will be noticed that 
the minimum advance of about 30° is necessary for a mixture 
strength about 20 per cent rich, and that by a suitable adjustment 
of the ignition combustion will take place between wide limits of 
mixture strength. It must be remembered that with the large 
ignition advance necessary with weak mixtures, combustion and 
hence the pressure rise will be taking place to an appreciable extent 
before the top dead centre, that is, during the latter part of the 
compression stroke, thus increasing the negative work on the 
piston. 

• Proc. Inst . Auto. E. t March, 1925. 
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The effect of the fuel-air ratio on the indicated mean effective 
pressure is shown by the curve II, Fig. 103. It will be seen that 
maximum power, which at constant speed is proportional to M.E.P., 
is obtained with a mixture about 20 per cent rich, the power falling 
off both with rich and with weak mixtures. It is interesting to note 
that the mixture strength for maximum power closely agreed with 
that for maximum explosion temperature as calculated when 
allowing for dissociation (Fig. 99). This seems to indicate that the 
rise in power as the mixture strength increases from the correct 
mixture to one 20 per cent rich can be explained by dissociation, for, 



Fio. 104. Observed Variation in Mean Pressure and 
Thermal Efficiency (Ricardo) 

Heat input to carburettor = 65 B.Th.U. per min. 

Speed = 1,500 r.p.m. Compression ratio = 5:1. 

of the other variable factors governing power, namely, volumetric 
efficiency and the change of specific volume due to combustion, the 
first in the case of a gas engine is very small, and the second will 
not account for the variation. 

The effect of the fuel-air ratio on thermal efficiency is shown on 
the curve III, Fig. 103. There is an increase of efficiency as the 
mixture becomes weaker. This is due in the first place to the fact 
that with the lower temperatures associated with the weaker 
mixtures the heat loss to the cylinder walls is reduced, and secondly 
to the lowering of the specific heat of the working mixture as the 
temperature is reduced. 

2. The Petrol Engine. The relation between mixture strength 
and the ignition advance necessary to produce maximum pressure 
about 10° after top dead centre is shown in curve IV, Fig. 103. 
With rich mixtures the effect is very much the same as with gas, 
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the minimum advance being for a mixture about 20 per cent rich. 
With weak mixtures, however, the necessary ignition advance 
increases rapidly as the proportion of fuel is reduced, and no matter 
how far ignition is advanced the combustion becomes so slow that 
it is incomplete throughout the expansion stroke. 

The effect of mixture strength on the I.M.E.P. and on efficiency 
is shown in Fig. 104. 

For rich mixtures the power remains comparatively constant as 
the richness is increased. Thus a petrol engine will run satisfac¬ 
torily with a too rich mixture, although the fuel economy will of 
course be adversely affected. A reference to the power curve for 
petrol indicates that maximum power is obtained as in the case of 
gas, with a mixture about 20 per cent rich. On the weak side, 
however, petrol shows a difference from gas. If the mixture is more 
than about 20 per cent weak, the combustion becomes so slow that 
it continues throughout the working stroke, thus producing back¬ 
firing of the incoming charge and consequently irregular working. 

Sir Harry Ricardo showed by experiment that in practice the 
highest thermal efficiency is obtained with about 15 per cent excess air 
in homogeneous mixtures of a volatile liquid fuel. This variation of 
efficiency is shown in Fig. 104 for both petrol and alcohol. It must 
be remembered that this inability to work efficiently on weak mix¬ 
tures is a characteristic of homogeneous mixtures of petrol and air. 

By means of stratification it is possible to use much weaker 
mixtures. In this method the mixture strength is reduced by using 
a small charge of combustible mixture and admitting separately a 
large charge of air, and preventing them mixing before ignition. 
After ignition turbulence is needed in the combustible part of the 
charge to ensure rapid combustion. By this means Ricardo has 
shown practically that the efficiency can be increased as the mixture 
is reduced down to very weak mixtures, and he has actually obtained 
a maximum efficiency of about 37 per cent at one-third full load 
corresponding to a fuel consumption of just under 0-36 pint of 
benzol per I.H.P. hour. Not only is the efficiency on reduced loads 
far higher than could be obtained by other means, but the heat lost 
is so low that a water-cooled engine can be run continuously on low 
loads without cooling water. 

A very useful method of showing the effect of mixture strength is 
illustrated in Fig. 105, where fuel consumption in pounds per horse¬ 
power hour is plotted against mean effective pressure. The curves 
A and B are typical consumption “loops” for a petrol engine, the 
curve A being for full throttle, and the curve B for the throttle 
partly closed. To obtain such a curve, continuous readings of the 
power are taken while the mixture strength is reduced by means of 
an adjustable jet on the carburettor, the speed being kept constant. 
Starting with a very rich mixture, we know from p. 324 that the 
power will increase as the mixture strength is reduced, to a maximum 
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at the point X , Fig. 105, where the mixture is about 20 per cent rich. 
The fuel consumption continues at first to drop rapidly with a small 
fall in power, and then the power decreases quickly with a slight 
further reduction in fuel consumption. The correct fuel-air ratio 
will be represented by a point Y where the fuel consumption will be 
some 20 per cent less than for the point X. The point Z where the 
fuel consumption is a minimum represents maximum efficiency 
referred to the fuel. After this the mixture strength can still be 
reduced by a small amount, after which the firing will become 



Fia. 105. Consumption Loops 


irregular as already explained. The length and flatness of the hori¬ 
zontal portion of the curve illustrates an important feature of the 
engine, for this is obviously a measure of the power range over which 
the efficiency can be maintained reasonably high. The limit of this 
portion to the left is of course determined by the mixture becoming 
so weak that efficient combustion is no longer possible. 

3. The Compression Ignition Engine. In this engine the fuel 
is injected into the hot compressed air in the engine cylinder. It 
burns as it enters, combining with as much oxygen as it requires, 
the excess air being simply heated by the combustion. Theoretically, 
therefore, as long as there is sufficient air present to supply the 
necessary oxygen, efficient combustion should be possible. In 
practice at present, however, it is found that compression ignition 
engines can only utilize about 80 per cent of the available air in the 
engine cylinder. With a larger proportion of fuel than this, part of 
the oil remains unburnt, causing a smoky exhaust with the presence 
of carbon monoxide, while the power is not appreciably increased. 

A typical consumption curve is shown in the curve C*, Fig. 105, 

* “High-speed Hoavy-oil Engines,” by S. J. Davies, l’h.D.* M.Sc., Proc. Inst. 
Mech. E. t June, 1932. 
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where it will be noticed that the range of power is considerably 
greater than is the case with the petrol engine. The efficiency also 
remains much more constant as the fuel-air ratio is altered, while it 
actually increases for a considerable reduction in the loading. This 





Petrol Engine C.l. Engine 

Fki. 100. Comparison of Indicator Diagrams for Petrol 
and Compression-ignition Engines 

(Institution oj Mechanical Engineers) 

is due to the fact that while efficient combustion is maintained for 
weak mixtures, the proportion of heat lost to the cylinder walls is 
lessened due to the lower temperature, and the specific heat of the 
working substance is also reduced. It should be remembered that 
in order to obtain tho best conditions the injection timing should be 
advanced to compensate for the weaker mixture, and consequent 
slower burning. 

A very interesting comparison of petrol and compression ignition 
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engines appears in the paper by Mr. S. J. Davies, already referred 
to,* from which Fig. 106 is reproduced. It will be noticed that in 
the case of the petrol engine, although of very different shapes, the 
indicator diagrams are not very different in area owing to the limited 
range of efficient combustion. In the case of the compression 
ignition engine, owing to the greater range of efficient combustion, 
the differences of the indicator areas are considerable. 


Example 7. In a trial on a petrol engino, the speed and throttle wore kept 
constant while the jet was varied by means of an adjustable noedlo, so that 
the B.H.P. could be determined for varying mixtures. 

The following figures were obtained on test, the air consumption being 
sensibly constant at 1,090 lb. per hour. 


i 1 2 

! 1 

I 1 

3 

4 

' 

5 

6 

7 

8 

I 

A. Fuel, lb. per hour 1 5b j 57 

59 

| 

03 d) 

71-2 

82-5 

87-7 

1 _ 

90-8 

1 

B. B.H.P. . . I !>5 | 100 

105 

110 

112 

112 

110 

105 

! 


The composition of the fuel by weight was C 83 per cent, H, 14*5 per cent 
O a 2*5 per cent, with a calorific value of 19,000 B.Th.U. per 11). 

Draw the following curves— 

(а) Fuel consumption in lb. per H.P. hour against B.H.P. 

(б) Thermal efficiency against B.H.P. 

(c) Thermal efficiency against mixture strength. 

(d) B.H.P. against mixture strength. 


(a) Fuel in lb. per H.P. hour 

Line A 1 2 3 4 5 6 7 8 

= - n = 0 59 057 0-562 0-578 0-637 0-736 0-796 0-864 

Line B 

These figures are plotted in curve IF, Fig. 107. 

(b) Thermal efficiency 

B.H.P. x 33,000 x 60 B.H.P. x 33,000 X 60 
Fuel per hour x C.V. x 778 Fuel x 19,000 X 778 

= 0.1335 1 ^ 

Line A 

_ 12 3 4 5 6 7 8 

22-6 23-4 23-8 23*1 21-0 18-15 16-71 15-41 

These figures are plotted in curve X , Fig. 107. 


(c) and (d) 

Oxygen required per lb. fuel 


0-83 x 


0-145 x 8- 0-025 - 3-348 lb. 


• From Mr. S. J. Davies’ Paper in Proc. Jnst. Mech. E. } June, 1932. 
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Correct amount of air required 
100 

- 3-348 x ~ = 14-56 lb. per lb. fuel 


Correct mixture is 


14-56 

0-0688 lb. fuel per lb. air. 


0 . 9 ^ 
VJ 

I 

X Uj 

^ 24 

io -7 23 
^ 22 

06 21 


05 



92 


96 


108 


112 


100 104 

B. H. P. 

Fig. 107. Fuel Consumption and Efficiency Curves 


Ut x — actual weight of fuel per lb. air 
Weight of fuel per hour 
Weight of air per hour 


Then 
Line A 
1,090 

1 2 3 4 5 6 7 8 

- 0-0513 0-0523 0-0542 0-0584 0-0653 0-0756 0-0805 0-0833 


Percentage richness or weakness 
x — 0-0688 


0-0688 


X 100 


1 2 3 4 5 6 7 8 

: - 25-4- 23-9 - 21 2 - 15-1 - 5-08 + 9-9 + 17 + 21-1 
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Thermal efficiency and B.H.P. are plotted against the above 
values in curves Y and Z, Fig. 108. 

Governing. Any system of governing an engine should aim at 
maintaining a high efficiency at all loads. From the previous 
paragraphs it will be seen that from a theoretical point of view the 
necessary requirements are inclined to become somewhat compli¬ 
cated, involving possibly stratification, and a simultaneous alter¬ 
ation of mixture strength and the point of ignition or injection. In 
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practice the problem becomes one of compromise between theoretical 
requirements and practical simplicity. 

There are three general methods, namely— 

Hit and miss governing. 

Quantitative governing. 

Qualitative governing. 

In the hit and miss method, which is used on gas engines, the air 
valve is opened for each suction stroke, but the gas valve, under the 
control of the governor, is left closed for one or more suction strokes 
if the engine speed rises above the normal. Thus on light loads there 
will be idle cycles in which air only is drawn in. One characteristic 
of this method therefore is that during an idle cycle the cylinder is 
scavenged by cool clean air which displaces the hot products of 
combustion. The result is that the efficiency at light loads is some¬ 
what greater than at normal full load. The necessary gear is also 
light and simple, allowing for sensitive governing, while the adjust¬ 
ments for mixture strength do not require alteration. The drawbaok 
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is that the torque on the crankshaft is very irregular on light loads, 
necessitating a heavy flywheel, and hence this method is limited to 
comparatively small engines. 

Quantitative governing is used in many gas engines and is the 
common method for petrol engines. In this method, which has the 
merit of practical simplicity, the mixture strength is maintained 
constant but the quantity is varied by means of a throttle valve or 
by a variation in the lift of the main inlet valve. This reduces the 
weight of the charge drawn in and hence the mean effective pressure. 
By reducing the weight of the incoming charge the weight of the 
hot exhaust gases left in the cylinder becomes greater in proportion 
to the whole cylinder content at the end of the suction stroke. This 
means that in the first place the temperature of the working sub¬ 
stance at the beginning of the compression stroke, and hence the 
temperatures all round the cycle, are raised, and secondly the 
combustible mixture is diluted, thus tending to delay completion 
of combustion. The effect of these two conditions is to lower the 
efficiency on light loads. An adverse effect on the efficiency is also 
produced by the fact that the mean effective pressure is reduced 
by a decrease in the weight of the working substance, and not, as is 
desirable, by a lowering of the cycle temperatures. The effect of 
delayed combustion due to the dilution of the working substance 
can be compensated for by advancing the point of ignition as the 
throttle is closed. This is illustrated by tests carried out on a 
Ricardo single-cylinder research engine, which showed that as the 
load is reduced by throttling and with the ignition set to give the 
best results on full load, the fuel consumption per indicated horse¬ 
power hour increases slightly as the load is reduced, but that, if at 
each throttle opening, the ignition timing is advanced as the load 
is reduced, then the fuel consumption per indicated horse-power 
hour remains nearly constant throughout the range from 30 per 
cent to 100 per cent full load torque. 

4< In all these tests the same procedure was adopted, viz. at each 
throttle opening the whole range of mixture strength was explored. 
The circulating water was maintained throughout at the same tem¬ 
perature ; the heat input to the carburettor was proportional to the 
load, i.c. at full load the heat input was at the rate of 65 B.Th.U. 
per min. ; at half load, 32-5 B.Th.U. per min., etc.; also, at each 
throttle position the mechanical losses were measured at intervals 
by motoring, which was done by simultaneously switching off the 
ignition and changing over the armature circuit of the dynamometer, 
the combined operation taking less than 1 sec. and being effected 
without any appreciable change in speed.’’ 

Curves A t A v Fig. 109, show the results obtained with fixed 
ignition ; and curves B , B x with ignition adjusted for each change 
in load. The gain in thermal efficiency by advancing the spark 
when running on light loads is considerable. 
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In practioe, however, the correct adjustment of the ignition for 
each throttle position is a difficult matter, especially if the engine 
speed is variable, and hence this method of governing, while in 
common use owing to its extreme simplicity, may leave something 
to be desired as regards efficiency. 

The effect of throttling is also shown in the consumption loops 
in Fig. 105 where the curve A is for full load and the curve B is for 
the throttle partially closed. It will be seen that not only is the 
fuel consumption increased somewhat at the reduced load, but the 
power range is also reduced. 

In qualitative governing the amount of air taken in per stroke is 
constant, but the amount of fuel is varied with the load. In con¬ 
sidering the curves for gas (Fig. 103), it must be remembered that in 





Fio. 109. Power and Thermal Efficiency Curves for a 
Ricardo Throttle in a Petrol Engine 

obtaining these the point of ignition was advanced as the mixture 
became weaker, and this in practice is an added complication as far 
as ‘‘carburettor” engines are concerned. With fixed ignition the 
range over which governing by this method can be effective is very 
limited if the mixture in the cylinder is homogeneous. With weak 
mixtures, and the consequent slowing up of the combustion, firing 
back can occur due to the ignition of the fresh charge by the still 
burning exhaust gases. The possible range of effective governing 
can be increased considerably by stratification. The practical 
attainment of efficient stratification by simple means, is, however, 
difficult, and the more extensive use of this economical method of 
governing awaits practical development in this direction. 

The compression ignition engine, owing to the fact that it draws 
in air only during the suction stroke, is very adaptable to quali¬ 
tative governing. Both the metering of the fuel and the injection 
timing can be controlled by the injection system. This consists 
of a fuel jerk pump actuated by a cam, the pump delivering the 
oil to an atomizer or injector. The jerk pump which consists of a 
plunger oscillating in a barrel, draws in oil on its suction stroke 
and delivers it on the delivery stroke to the injector via valves or 
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ports. The metering of the fuel can be carried out (a) by varying 
the stroke of the plunger, or (6) by by-passing part of the oil back 
to the storage tank. 

The modern injection system will meter the fuel with accuracy, 
and not only maintains uniformity as between individual cycles, 
but will keep the maximum cylinder pressures closely within the 
required range, for varying speeds and loads. 

Compression Ratio. By increasing the compression ratio, the 
weight of exhaust gases left in the clearance space is reduced. This 
has two mutually opposed effects, for in the first place the reduction 



Fia. 110. Effect of Compression Ratio 

of the proportion of these gases mixing with the incoming charge 
lessens the dilution, and hence increases the rate of combustion, 
while in the second place, the rise of temperature produced by the 
hot residual exhaust gases is reduced. Another effect of the presence 
of the residual gases is to increase the specific heat of the combustible 
mixture due to the presence of C0 2 and H 2 0. This effect is lessened 
by an increase in compression ratio. On the whole, the effect is to 
increase the rate of combustion at the higher ratios. This is shown 
in Fig. 110, the curves of which were obtained from a Ricardo 
variable compression engine running at 1,500 r.p.m., with a constant 
ignition advance of 30°, the fuel being petrol. 

This shows how the time required after ignition to reach the 
maximum pressure is reduced as the compression ratio is increased. 

Theoretically, the variation in the temperature and mass of the 
exhaust products should not affect the volumetric efficiency, for the 
heat interchange between the residual gases and the incoming 
charge should merely be accompanied by a contraction of the resi¬ 
dual, and a corresponding expansion of the incoming gases (see p. 
288). In practice, however, the volumetrio efficiency is found to 
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fall off with an increase of compression ratio. Mr. J. F. Alcock has 
suggested that with a low compression the volume and temperature 
of the residual gases are greater, with the result that there is a 
greater loss of heat to the cylinder walls. It is doubtful whether 
this is a complete explanation, for the question is also affected by 
valve timing. 

As regards thermal efficiency, all theoretical equations show that 
this should increase with increased compression ratio, and this is 
verified in practice. Table XX gives some figures obtained by 
Ricardo. 


TABLE XX 

Varied Compression Ratio. Benzol a rout 20 Per Cent Rich 
(//. R. Ricardo) 







Indicated 

Indicated 



Indicated 



Thermal 

Thermal 

Com- 

Total Air 

Mean 

Indicated 

Lb. of Air j 

Efficiency 

Efficiency 

pression 

lb. per 

Pressure, 

Horse* 

per I.H.P. , 

by Air 

by Fuel, 

Ratio 

Hour j 

lb. per 

power 

Hour i 

Measure- 

15°;, 
t Weak. 



sq. in. 


mont. 






Per Cent | 

Per Cent 

... i 

4 

200-5 

1250 

30-3 

6-62 

29-2 

27-7 

5 

194-0 

136-5 

33-1 

5-32 

33-2 

32-0 

6 

188-0 

145-0 

35-2 

5-34 

36-2 | 

35-0 

7 

164-0 

152-0 

36-8 

5-0 

38-5 

37-3 


It will be seen that not only is the efficiency raised by an increase 
in compression ratio, but that the volumetric efficiency is reduced. 
In the last column is shown the maximum thermal efficiency as 
found from the fuel consumption with the mixture adjusted to give 
highest economy, i.e. about 15 per cent weak. 

The curves in Fig, 101 also show how thermal efficiency increases 
with the compression ratio. 

When dealing with the theoretical cycles, it will bo remembered 
that the expansion and compression ratios were equal in the case 
of the constant temperature, volume, and pressure cycles, while they 
were nearly equal in the case of the Diesel and composite cycles. 
Now if the expansion ratio can be increased without a corresponding 
increase in the compression ratio, or in the heat input, the efficiency 
will be increased without the attendant practical difficulties of a 
high compression. For example, the Atkinson cycle shows effici¬ 
encies greater than the air standard efficiencies for corresponding 
compression ratios. The practical difficulty in attempting to carry 
out such a cycle is, of course, one of mechanical complication. 

In a carburettor engine, that is, one in which the cylinder contains 
an explosive mixture during the compression stroke, the maximum 
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compression ratio possible in practice is limited by the possibility 
of pre-ignition and detonation. This tendency depends on the 
nature of the fuel, and will be discussed later. For an ordinary 
petrol the compression limit is about 5 or 6 to 1. In compression 
ignition engines there is a lower limit of the compression ratio of 
about 10 to 1, below which the temperature of the compressed air 
in the cylinder will not be high enough to give efficient combustion 
of the injected fuel. As regards the higher limit, we have seen (p. 
2G8) that raising the compression ratio also raises the maximum 
pressure due to the combustion, and as this is limited by practical 
considerations, the injection must be so timed that part of the 
combustion must take place at more or less constant pressure. This 
reduces the expansion ratio, and hence there is a practical limit of 
the useful compression ratio from this point of view. Apart from 
these aspects of the case, the increase of the thermal efficiency due 
to an increase of compression is comparatively small at the higher 
ratios. At present the limit in practice is about 16 to 1. 

Detonation. When an explosive mixture is ignited by means of a 
spark under normal conditions, the flame at first spreads by the 
ordinary process of flame propagation throughout the bulk of the 
mixture, the speed of propagation being chiefly dependent on the 
amount of turbulence, and to a certain extent on the pressure and 
temperature before ignition. Ignition should of course not start 
before the spark has passed, but this may sometimes occur owing 
to hot spots of carbon or to local overheating of the sparking plug 
points, and it tends to become accentuated by an increase in the 
compression ratio. This is what is meant by “pre-ignition.” 
Another phenomenon is known as “detonation.” This is due to the 
rate of flame propagation increasing to such an extent as to set up 
a wave of high pressure, travelling at very high speed, and causing 
a blow to be delivered against the cylinder walls, producing what 
is commonly called “knocking” or “pinking.” This in its turn 
further compresses the portion of the charge first ignited, and raises 
its temperature and that of the ignition points to so high a degree 
as eventually to cause persistent pre-ignition, which may stop the 
engine. 

Investigations on the conditions governing detonation by Ricardo, 
Tizard, and others have led to the following conclusions— 

1. Detonation depends primarily upon the time rate of burning 
of that portion of the charge first ignited. 

2. That the rate of burning increases very rapidly with slight 
increase of flame temperature , and that whether it will prove suffi¬ 
ciently rapid to produce detonation or not depends upon the ratio 
between the rate of evolution of heat by the burning portion of 
the mixture and the rate of heat loss to the cylinder walls. An 
engine with water-cooled exhaust valves, or with sleeve-valves 
and combustion chamber without side pockets, and hemispherical 
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cylinder head with ample water cooling, is comparatively exempt 
from detonation, and will stand a high compression ratio. 

3. Detonation also depends upon the distance the flame has to 
travel from the ignition point before it has passed through the, 
whole mixture. Thus the more nearly hemispherical in shape the 
combustion chamber , the better to avoid detonation ; and the smaller 
the cylinder the less the tendency to detonation of the charge. 

4. For any given mixture strength the maximum flame tem¬ 
perature which causes detonation depends upon the compression 
temperature and the proportion of residual inert exhaust products 
present in the cylinder, which, like C0 2 . exert a great influence in 
diluting the charge, retarding the rate of burning , and so lowering 
the temperature of the flame that a higher compression can be used. 

5. The tendency to detonate varies with the type of fuel. 

The fact that the maximum compression pressure possible without 
producing detonation depends on the type of liquid fuel, has led to 
the use of the term highest useful compression ratio by Ricardo. 
This quantity may be defined as the maximum compression ratio at 
which the fuel can be used in an engine working on full throttle, 
without detonation being produced. While the absolute value of 
this quantity depends on the type of engine and the working con¬ 
ditions, it affords a very useful comparison of different fuels in any 
one engine, and Table XXI gives particulars of different types of 
fuel. In this table the value given for benzene is not for detonation 
but for pre-ignition. 

Owing to the comparatively non-detonating property of benzene, 

TABLE XXI 


Fuel 

Specific 
Gravity 
at 15° C. 

Detonation Point in 

Engine 

Sol f-ignition 
Temperature 
by Adiabatic 
Compression 
with Air 
Mixture 
°C. 

Com¬ 

pression 

Ratio 

Compression 
Pressuro, 
lb. per 
sq. in. 
(Gauge) 

Com¬ 
pression 
Tern - 
perature 
°C. 

Petrol A 

0-782 

6-1 

148-5 

430 

307 

Petrol F 

0-704 

5-05 

111-5 

! 400 

— 

Petrol 0 

0-750 

4-55 

90 

381 

— 

Kerosene 

0-813 

4-2 

80 

309 

— 

Aromatic Scries 






Benzene, 98% . 

0-884 

6-9 

179 

450 

419 

Toluene, 99% . 

0-870 

> 7 

> 183 

> 452 

422 

Alcohol Group 






Ethyl Alcohol, 98% 

0-798 

> 7-5 

> 204 

> 424 

514 

Methyl Alcohol 

0-829 

5-2 

110-5 

342 

457 

(Purified Wood 






Naphtha) 






Methylated Spirits 

0-821 

0-5 

103-5 

382 

— 

Ether .... 

0-735 

2-95 

47-5 

305 

256 
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it is often added to petrol to improve the H.U.C.R. Toluene is a 
still more effective “ anti-detonator ” whilst the alcohols are best of 
all. A small proportion of alcohol to petrol stops detonation, but 
the alcohol must not contain any water. A very efficient anti¬ 
detonator has been discovered in tetra-ethyl lead (Pb(C 2 H 5 ) 4 ), which 
is generally used in conjunction with ethylene-dibromide (C 2 H 4 Br 2 ), 
this constituent being added to prevent the deposition of lead in the 
engine. By the addition of a few cc. to a gallon of petrol, the 
H.U.C.R. can bo raised by about 15 per cent. There are a consider¬ 
able number of other dopes, such as the metal carbonyls, aniline, 
phenol, etc., but none of those known at present are as effective as 
tetra-ethyl lead. 

With gaseous fuels the compression ratio is limited, not so much 
by the possibility of detonation as by pre-ignition. The approx¬ 
imate limits of compression ratio are; town gas to 1, coke oven 
gas 5 to 1, producer gas 6 or 7 to 1, blast furnace gas 8 to 1. 

Octane and Performance Numbers. Pure iso-octane which 
possesses good anti-knock properties is rated as having 100 octane 
number. This is mixed with heptane which has poor anti-knock 
properties, and is rated as zero octane number. The mixture is 
adjusted to have the same H.U.C.R. as the petrol under test. The 
percentage of iso-octane in the mixture is taken as the octane 
number. 

For petrol with anti-knock properties better than 100 octane, 
the performance number is used. This is measured by the relative 
power that the engine will develop with equal anti-knock tendencies 
compared to a fuel rated at 100 octane. Thus 130 performance 
number means that the engine will develop 1-3 times the power it 
would develop when using a 100 octane fuel. 

Engine Fuels. The composition and general properties of liquid 
fuels have been discussed on pp. 224-31, and it was there pointed 
out that petrol varies considerably in composition. One important 
property of any fuel is, as we have seen, its tendency to detonate, 
and from this point of view the aromatic compounds are the best, 
and the paraffins are the worst. The olefines, obtained by cracking, 
are good, but as they are unsaturated compounds, they tend to 
polymerizo on storage, forming more complicated compounds, 
producing gummy deposits in the engine. Another good fuel from 
the same standpoint is alcohol, but as we shall see there is practical 
difficulty in its production. We will now consider the advantages or 
otherwise of the various liquid fuels. 

Table XXII gives tho results of numerous experiments oft- 
repeated with a very high degree of accuracy in measurement, all 
the conditions being checked before and after each trial run. It was 
found from experiments that the characteristic of the torque curve 
over the range of speed 800 to 1,800 r.p.m. was the same for every 
fuel tested with the correct mixture strength and ignition setting for 
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each speed. In each series of tests the engine was run on wide- 
open throttle at 1,500 r.p.in., with the best ignition setting, mixture 
strength, and compression ratio for the development of the maxi¬ 
mum power obtainable on each sample of fuel; the temperature of, 
the circulating water and the heat input to the carburettor being 
kept constant. 


TABLE XXII 

Results of Tests (H. R. Ricardo) 




Cora- 

Highest 

Useful 

Maximum 

Minimum 
Con¬ 
sumption 
lb. per 

I H P. 

Thermal 


Specific 

Gravity 

at 

15* C. 

pression 
Ratio 5:1 

Compression 

I.M.E.P 
at highest 

Efficiency 
at highest 

Furl 

Maximum 
LM.E.P. 
lb. per 
sq.In. 

Ratio, 
Total Vol. 

Pressure, 
lb. per 
sq.In. 
(Gauge) 

Useful 

Com* 

pression 

Ib./sq.in. 

Useful 
Com¬ 
pression 
Per Cent 



Clearance 

- r 

hour 

A Petrol 

0-782 

131-2 

GO 

148-5 

140-1 

0-393 

34 9 

B . 

0-723 

131-5 

5-7 

133-5 

137-5 

0-393 

34-1 

C „ . . . 

0-727 

131-0 

5-25 

118-0 

133-9 

0-410 

32-5 

D „ . . . 

0-700 

131-2 

5-35 

121-5 

134 9 

0-407 

33-1 

P „ . . . 

0-704 

131-8 

5-05 

111-5 

132-7 

0-412 

32 1 

E „ . . . 

0-707 

131-0 

5-9 

140-5 

139-5 

0-389 

34 6 

Heavy Aromatics . 

0-885 

130-7 

0-5 

103-5 

142-5 

0-447 

31-6 

Paraffin Series 
Hexane(80% pure) 

0-685 

132-3 

5-1 

113-5 

133 1 

0-405 

32-4 

Heptane (97 %pure) 

0-691 

131-2 

3-75 

72-0 

119 

0-491 

26-7 

Aromatic Series 
Benrene (pure). 

0-884 

131-6 

6-9 

179-0 

146-5 

0-392 

37 2 

Toluene(99% pure) 
Naphthene Series 
Cyclohexane (93% 

0-870 

131-5 

>7 

^>183 

147 

0-385 

37 5 

pure) 

Hexahydrotoluene 

0-786 

131-3 

5-9 

140-5 

139-2 

0-385 

34 9 

(80%) . . . 

0-780 

131-0 

5-8 

136 5 

137-9 

0-394 

34 3 

Olefines 








Cracked Spirit( 53% 








unsat.) . . 

0-757 

131-6 

5-55 

128-0 

136 

0-405 

33 9 

Alcohol Group 
Ethyl Alcohol 







1 

(98%) . . 

Methyl Alcohol 

0-798 

137-8 

> 7-5 

>204 

156-5 

0-532 

40-4 

(Wood Naphtha) 

0-829 1 

144-8 

5 2 

116 5 

| 

146 6 

0-725 

35 1 


A constant supply of hoat was addod to the air at the carburettor by 
electrical resistance coils, giving 05 B.Th.U. per min. when running at 
1,500 r.p.m. 

We will first consider the effect of the latent heat of evaporation. 
Starting with a mixture of fuel and air at atmospheric temperature, 
heat is added by (a) contact with the inlet valve and hot walls of 
the cylinder, (6) admixture with the residual exhaust gases in the 
combustion chamber, and by (c) external heating of the carburet¬ 
tor or induction system. Heat is absorbed by (d) the latent 
heat of evaporation of the fuel; (a) and ( b ) may be regarded as 
constant. 
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The weight of charge taken into the cylinder will be inversely 
proportional to its absolute temperature when the inlet valve closes. 
Experiment proves that, with the exception of alcohol, all fuels 
boiling below 200° C. are completely evaporated at the end of the 
suction stroke, except a very small negligible proportion entering 
the cylinder in coarse drops, which are neither evaporated nor 
burned completely. The temperature, and therefore the weight 
of the charge taken into the cylinder, depends upon the quantity 
of the fuel and its latent heat; also upon the heat added to it 
before entry. With a suitable fixed amount of pre-heating, the 
volumetric efficiency, and therefore the power output, will vary 
directly with the latent heat of the fuel , since it is immaterial, as 
regards power output, whether the pre-heating is expended in 
raising the temperature of the mixture or in vaporizing the fuel at 
low temperature, provided it is completely evaporated before the 
inlet valve closes. The fall in temperature of the mixture due to 
evaporation of the liquid is shown on p. 230. Variations due to the 
differences in the latent heat of evaporation were most marked in 
the alcohol group. 

All the tests proved that the power obtainable was proportional 
to the internal energy of the fuel. It will be seen from Table XXII 
that the observed power, given in terms of the indicated mean 
effective pressure, was practically the same for all fuels boiling 
below 200° C., except alcohol, when used at the same safe suitable 
compression ratio 5:1, with the ignition fully advanced. The three 
columns on the right give the indicated mean effective pressure, 
the fuel consumption, and thermal efficiency when full advantage 
was taken of increasing the compression ratio up to the limit set 
by detonation or by pre-ignition for each particular fuel, under the 
same constant conditions of pre-heating. 

In the case of alcohol, the very high latent heat of evaporation, 
and the larger proportion of fuel to air in the mixture, caused the 
evaporation to continue throughout the compression stroke, which 
was nearly isothermal. The low temperature in the cylinder 
increased the weight of charge, or volumetric efficiency, and the 
small rise of temperature at the end of compression, combined with 
the low calorific value of alcohol, conspired to keep the cylinder 
temperature low throughout the cycle. Hence the direct heat losses 
by conduction and increase of specific heat were reduced. The 
power obtainable also increased as the mixture strength was enriched 
and continued to increase until the over-rich mixture was about 
20 per cent more than that required for complete combustion ; 
apparently because more' fuel was then evaporated and the tem¬ 
perature of the charge lowered, the gain in weight of charge or 
volumetric efficiency more than counter-balanced the increased loss 
due to change in the specific heat of the products of combustion. 

Although ethyl alcohol gives greater maximum power, and can 


ia— (T. 5434 ) 
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be used with a much higher compression ratio and thermodynamic 
efficiency than either petrol or benzol, yet the calorific value per 
unit weight or per unit volume of the liquid is so much lower than 
that of petrol or benzol, that the rate of fuel consumption of alcohol* 
per horse-power hour is greater. 

The advantages of alcohol as a motor fuel are enumerated in the 
1907 Report of the Fuels Committee of the Motor Union, U.S.A. : 

(а) high compression pressure over 200 lb. per sq. in. before ignition ; 

(б) the wide range of explosive mixtures of alcohol vapour with air, 
from 4 to 13-6 per cent by volume ; also the small range of boiling 
point at which industrial alcohol distils from 80° to 110° C., whereas 
that of petrol extends at least 50° to 150° C. or higher, and benzol 
80° to 120° C. ; (c) high thermal efficiency and safety in use, the 
flash point being 60° C. as compared with that of petrol - 10° C , 
and a fire from alcohol can be extinguished by water, which only 
spreads the flames of petrol. 

It is obvious from the results in the above tables that ethyl 
alcohol is a more suitable fuel for power purposes, at high com¬ 
pression, than methyl alcohol or wood spirit, because of the low 
calorific value and high latent heat of evaporation of tho latter. 

An admixture of industrial alcohol with some highly volatile 
spirit appears necessary not only for easy starting from cold, but 
also to increase the heating value of the mixture, in order to obtain, 
with high compression, a lower rate of fuel consumption per horse¬ 
power hour. Industrial or power alcohol is never pure, but nearly 
always contains w r ater and, in order to render it undrinkable, a 
small proportion of acetone, pyridine, or other unpalatable sub¬ 
stance not easily separated, is added as a denaturant. The aromatic 
hydrocarbons, benzol or benzene and toluene, are readily soluble in 
alcohol, even at low temperatures, have comparatively high heating 
values, and can be used to best advantage at high compression with 
good excess of air, giving complete combustion and tending to 
prevent acetic acid being formed. Thus, a mixture of industrial 
alcohol, with 20 or 30 per cent of benzol, has a high ignition tem¬ 
perature, and can be used in an engine with a compression ratio of 
about 8:1. The high percentage of carbon in benzol compensates 
for the low carbon content of alcohol. 

Ethyl alcohol is obtained by tho fermentation and distillation of 
any starchy or sugary substance like sugar-cane or edible grains. 
The supply of alcohol is inexhaustible while the sun shines, but it 
is not likely to prove a commercial success to a largo extent until 
it can be produced cheaply on a large scale from some form of 
vegetation without destroying foodstuffs. 

Extensive research and experimental work was carried out by 
the Empire Motor Fuels Committee on various alcohol mixtures, 
and the results reported in tho Proceedings of the Institution of 
Automobile Engineers. 
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It will be noticed from Table XXII that the fuel economy with 
benzene is greater than with most of the petrols. Also, as the 
H.U.C.R. is greater, the thermal efficiency is in advance of that of 
petrol. The use of benzole as a fuel is, however, limited by its price, 
and by the fact that it freezes at 5° C. It is therefore used mixed 
with petrol, and not in its undiluted form. 

In the last column of Table XXII are given the thermal effici¬ 
encies, which vary with the fuel. These have, however, been 
obtained at the best compression ratio possible with the fuel. For 
equal compression ratios it has been found by experiment that all 
volatile liquid fuels give practically the same thermal efficiency, 
with the possible exception of alcohol. This fuel gives an efficiency 
of about 2 per cent greater than that for petrol at a compression 
ratio of 5 to 1. This, as we have already seen, is due to its high 
latent heat of evaporation. 

Desirable Properties of Petrol. These may be enumerated as 
follows— 

(a) Not too high a proportion of volatile constituents, involving 
evaporation losses. For easy starting, a certain minimum is required. 
Too high a percentage produces vapour locks. 

(b) Not too large a proportion of high-boiling hydrocarbons, 
otherwise condensation takes place in the engine cylinder, and 
lubricants are diluted. 

(c) Freedom from water and corrosive matter, and objectionable 
odour. 

(d) Freedom from residue on evaporation. 

(e) Freedom from detonation. 

(/) High calorific value and latent heat. 

(g) Freedom from “gum” due to polymerization of constituents 
in cracked spirit. 

The readiness of a fuel to start an engine from cold is determined 
by the vapour pressure and the latent heat of evaporation, as well 
as the ratio of air to fuel required to give complete combustion. 
These values for the more volatile fractions of petrol in comparison 
with alcohol and ether, from experiments by Ricardo, are as shown 
in Table XXIII. 


TABLE XXin 



Specific 
Gravity 
at 16° C. 

Boiling 
Point, °C. 

Vapour 
Pressure at 
0° C.; mm. 
Mercury 

Latent 
Heat, 
B.Th.U. 
per lb. 

Ratio 

Air/Fuel 
by 

Weight 

Hexane . 

0-670 

69 

46-0 

156 

15-2 

Cyclohexane 

-780 

8 i 

27-6 

165 

14-7 

Benzene 

-884 

80 

260 

172 

13-2 

Ethyl Alcohol . 

•794 

78 

12-7 

397 

8-95 

Ether 

•719 

36 

I860 

158 

11-14 
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The addition to alcohol of a small proportion of ether, with its 
high vapour pressure, renders starting easy in a suitably designed 
engine and carburettor. 

Carburation. The ordinary type of carburettor consists of a jet 
tube to which the liquid fuel is supplied at a constant level from a 
float chamber, the jet tube being surrounded by a choke tube which 
is shaped to act as a venturi nozzle. When at rest, the level of the 
liquid in the float chamber is slightly below the top of the jet tube, 
in order to prevent the fuel being spilt by vibration. The suction 
of the engine draws air through the choke tube, the venturi effect of 
which is to lower the pressure at the top of the jet tube thus causing 
the air to carry the petrol or other volatile fuel with it into the engine 
oyUnder. The velocity of the air past the jet tube pulverizes the 
petrol, which is then evaporated by the heat from the induction 
system and the cylinder walls. This simple method of pulverizing 
the fuel is not ideal, and some carburettors contain a diffuser tube 
in which air is drawn through the liquid in order to form an emulsion. 

The first and most important function of a carburettor is to 
supply a mixture to the cylinder of constant fuel-air ratio at all 
engine speeds and all loads, and we will first consider this problem. 

For steady motion of a fluid, the Bernoulli equation of constant 


energy is 


2 g 


h + 


[dp = 

J »» 


= constant 


Let v a = 
Pa = 

P = 
w a = 

h = 


the air velocity past the jet in the choke tube. 

the pressure at the top of the jet tube. 

the pressure at the petrol surface in the float chamber. 

the mass per cubic foot of air. 

the mass per cubic foot of petrol. 

the velocity of the petrol leaving the jet. 

the distance between top of jet tube and float chamber 
level. 


Then applying the energy equation to the flow of air from rest 
to the velocity v a 


^ , Pa 

2 g ^ U> a 


= 0 + 


v_ 

M’a 


i.e. 


P-Pa 


«W, 4 

2 g 


Equating the energy of the liquid at the top of the jet tube to 
that at the float chamber level 


V 

2fi t 


+ l + - = 0 + 0f-^ 

V)p 
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This is the minimum or critical air velocity at which fuel will just 
begin to flow. 


Example 8. Find the critical air velocity, and the effective throat area of 
the choke tube for a carburettor with a jet area of 2 mm. used on a petrol 
engine consuming 12 lb. of petrol per hour. The density of air at atmospheric 
prossure and 60° F. is 0*0705 lb. per cu. ft., the specific gravity of petrol at 
60° F. is 0*72, the fuel-air ratio by weight is 1 to 15, and the top of the jet 
tube is i in. above the level in the float chamber. What is the drop in pressure 
in the choke tubo? 


Density of petrol, w v — 62-4 X 0*72 = 44-9 lb. per cu. ft. 
Density of air w a = = 0*0765 lb. per cu. ft. 


Critical air velocity = J 2gh!~ = J 64*4 X ^ X 


44*9 

0*0765 


= 28 ft. per sec. 

Area of jet = 0*0000215 sq. ft. 

12 

Weight of petrol used = - - = 0 00333 lb. pe 

o,b00 

= Area of jet X v v x w p 
0 00333 


0*00333 lb. per sec. 


Henc ° = 0-0000215 x 44-9 “ 3 45 ft * ^ «** ' 


(V + ml 


3-45 2 + 


64-4\ 44-9 
48 j 0-076 


v a = 88*1 ft. per sec. 

Weight of air used = 15 X Weight of petrol = 15 x 0*00333 
= 0*05 lb. per sec. 

Hence 0*05 = Area of choke tube x v a X w a 

Assuming the air in the choke tube is at atmospheric pressure 
and 60° F., 

Effective area of choke tubo = -- , - 

88*1 X 0*0765 

= 0*00742 sq. ft. == 107 sq. in. 
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The pressure drop in the choke tube 

— P ~Pa = ~2^~ 

_ 0-0765 X 88-1* 

“ 64-4 


= 9-22 lb. per sq. ft. 
= 0 064 lb. per sq. in 


It will be seen from equation (1), p. 343, that this may be written 

= K ~gh 

«« V w, v« a 

Now as the engine speed increases, the value of v a on the right- 

V 

hand side of this equation is increased, and hence the value of 

which is proportional to the fuel-air ratio, is raised, that is, the 
mixture becomes richer. For this reason modern carburettors 
contain a compensating jet, which if working alone would give a 
weaker mixture as the engine speed increased; the two jets working 
together therefore give a mixture of approximately constant mixture 
strength. In addition to this function, an ideal carburettor should 
also provide an over-rich mixture when starting, when warming up, 
and when idling on light load. It should also give momentarily an 
over-rich mixture when the throttle is suddenly opened to give 
quick acceleration. The reason for this last requirement is that when 
the throttle is nearly closed the pressure in the induction system is 
low and the petrol supplied is easily evaporated. When the throttle 
is suddenly opened, the pressure in the induction system is suddenly 
increased, and unless the induction pipes are very hot the incoming 
petrol cannot all be evaporated; some of it is therefore deposited 
on the walls of the induction system, thus causing the mixture in the 
system to be too weak to burn efficiently. The result of this is that 
the engine will backfire and splutter for a short time, unless an over- 
rich mixture is supplied at the moment the throttle is suddenly 
opened. 

Another point for consideration is that the rapid pulsation of flow 
due to the varying suction of the piston at very high speeds will give 
greater momentum to the petrol than to the air which, being lighter, 
responds more readily to the pulsations, and a surging action may 
take place, tending to precipitate the finely divided petrol held in 
suspension only by the velocity of the air. These inertia effects 
may be damped out by increasing the friction of the petrol orifices, 
and this can be done by making the orifices small and increasing 
their number. Another advantage of this device is to expose a 
greater surface of petrol spray to the air, and so to produce a more 
intimate homogeneous mixture. 
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The evaporation of the petrol is of course assisted by pre-heating 
the air and by heating the induction system, which can be done by 
the hot water from the cooling system or by the exhaust gases. It 
must be remembered that this will reduce the volumetric efficiency 
of the engine, and therefore it should be avoided as far as possible. 
In the case of alcohol some form of pre-heating is essential owing 
to its high latent heat. 

Atmospherio conditions of temperature and pressure will affect 
carburation. The viscosity of air increases with its temperature, 



Fig. 111. Relation Between Fluidity and Temperature of 

Petrol 


while that of petrol diminishes, the rate of flow of a liquid being 
proportional to the reciprocal of its viscosity. The relation 
between fluidity and temperature for various liquids is shown 
in Fig. 111.* 

The pressure effect duo to a change in altitude is very important 
in the case of aircraft engines, and this is compensated for by some 
means of altitude control. One method uses a sealed float chamber, 
the space above the petrol being connected to two points, one 
between the choke tube and the engine, the other between the choke 
tube and the throttle. For normal running the first connection is 
closed, and the pressure in the float chamber is that of the atmo¬ 
sphere. As the altitude increases and the atmospheric pressure 
becomes less, the mixture would become richer. The connection 

* Bureau of Standards Technologic , U.S.A., Paper No. 125. 
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between the float chamber and the first point mentioned above can 
now be opened, thus reducing the pressure above the petrol surface 
in the float chamber, and hence reducing the proportion of petrol 
supplied. Another method is to have a hand-controlled valve 
between the float chamber and the jet. 

Engine Testing and the Heat Balance. The object of a complete 
test on an engine is not only to determine what the engine is capable 
of doing, but also to discover if possible whether there are any means 
of improving its overall efficiency. For this reason in addition to 
fuel consumption, practical measurements of as many quantities 
as possible are required in order that it may bo seen how the original 
heat supplied by the fuel has been distributed into useful work and 
mechanical and thermal losses. In this way we can obtain what may 
be termed a “heat balance,” in which the different quantities of 
energy are expressed as a percentage of the heat supplied. 

The main headings under which this information may be grouped 
are— 

1. Brake horse-power delivered by the engine. 

2. Energy wasted due to mechanical losses, i.e. engine friction, 
and pumping losses. 

3. Heat energy carried away by the cooling water in a water- 
cooled engine or by the air-flow in an air-cooled engine. 

4. Heat carried away in the exhaust gases. 

5. Heat lost by radiation other than that removed by the normal 
cooling arrangements. 

1. Measurement of B.H.P. (see pp. 33-40). This quantity can 
easily be determined by measuring the torque delivered by the 
engine shaft by means of some form of dynamometer. Of these the 
mechanical forms are the simplest, but they are somewhat limited 
in their application to large powers and speeds. The hydraulic 
dynamometer, which is made in various sizes, is extremely con¬ 
venient for any power and speed, but its characteristics place both 
a maximum and a minimum limit of power absorbable by any one 
size of brake. The electrical dynamometer approaches the ideal but 
is somewhat costly. 

2. Measurement of Mechanical Losses. The mechanical losses 
include (a) piston friction; (b) bearing friction and any power used 
by auxiliaries; (c) pumping losses. A direct measurement of the 
total losses may be made by means of an electro-dynamometer 
which will determine the torque necessary to turn the engine when 
it is not firing. This must of course be done while the engine is hot 
and as far as possible under normal running conditions. Even with 
these precautions the conditions are not exactly the same, for while 
the friction losses will on the whole be reduced when motoring, the 
pumping losses will be increased. This increase is due to the faot 
that when running under load the pressure in the cylinder on the 
opening of the exhaust valve is higher than when motoring, and this 
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accelerates the expulsion of the gases. The “negative loop” (p. 
274) will therefore be less when the engine is working under load. 
According to Ricardo the reduced friction loss balances the average 
increase of the pumping losses. 

It would appear that the pumping loss could be measured from 
the indicator diagram taken with a light spring, but as the accuracy 
of any indicator is open to doubt, this method is more useful for 
purposes of comparison than for absolute measurement. 

In the absence of such a method, the difference between the 
I.H.P. and the B.H.P. is required. It has already been pointed out 
that a really exact direct measurement of indicated mean effective 
pressure is almost impracticable. Apart from the inherent errors of 
the indicator, the necessity of accurate phasing makes the problem 
an extremely difficult one. 

When taking the difference between the two horse-powers, it 
should be noted whether the I.H.P. includes the negative pumping 
loop. Also it must be remembered that the piston friction appears 
as heat which passes to the cylinder walls, and hence is really 
included in the heat carried away by the cooling system. 

An approximation to the I.H.P. may be obtained from measure¬ 
ments of the B.H.P. and the fuel consumption with different loads 
at constant speed, on the following assumptions— 

(a) That the friction loss is constant at all loads at any one 
constant speed. 

(b) That the fuel consumption is a linear function of the I.H.P. 
and the B.H.P. at any one constant speed. 

This method is illustrated in the following example. 

Example 9. In an oil engine running at 550 r.p.m., the following data were 
obtained— 


BH.P. 

Fuel Consumption 
lb. per hour 

10 

6-8 

20 

9-8 

30 

12-75 

40 

16-0 

50 

19-5 

60 

23-4 

70 

28-0 


Assuming a straight line relationship between the brake and indicated horse¬ 
powers, plot to a B.H.P. base, curves showing the thermal performance and 
the mechanical efficiency of the engine. 

The variation of thermal performance with B.H.P. is shown in 
ourve A (Fig. 112), in which is plotted the fuel consumption in 
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pounds per horse-power hour. If the calorifio value of the fuel were 
known, the actual thermal efficiency could of course be plotted. 

Curve B shows the fuel consumption plotted in pounds per hour 
against B.H.P. It will be noticed that with the exception of the 
two last points, the relationship approximates to a straight line. 

— 

-S.VJ?. 

60 25 X - 




Hence if F = fuel consumption in lb. per hour, we may assume 
that B.H.P. = mF + n where m and n are constants. 


„ B.H.P., - B.H.P. 2 65 0 

Hence m — --- —- — == 3* 1 

F,-F t 21 


As there is a straight line relationship between B.H.P. and I.H.P., 
we can assume that I.H.P. = MF -f N. 

We must now make one more assumption, namely, that as the 
engine is running at constant speed, the mechanical losses may be 
taken as constant at all loads. 


Hence I.H.P., - B.H.P., = (MF, + N) - (mF, + n) 
LH.P. t - B.H.P. t = (MF t + N)~ (mF % + n) 

whence M = m = 3 09 and I.H.P. = 3*09P + N. 





The mechanical efficiency is plotted in curve C (Fig. 112). It 
must be remembered that the assumed straight line laws are not 
strictly true in practice, and hence 
the above results are only approxi¬ 
mate to this extent. 

As a comparison with practical 
figures, Fig. 113 shows the test 
results of an airless injection oil 
engine. 

This engine which runs at a speed 
of 230r.p.m. has a cylinder diameter 
of 14| in. and a stroke of 25 in. The JD 

compression pressure is 390 lb. per sq. Fiq m Indicator DiaoraM8 
in. and the maximum pressure is 525 F0R c j q II4 e ngine 
lb. per sq. in. 

Fig. 114 shows the type of indicator diagrams obtained with this 
engine. 

It will be noticed in Fig. 113 that one curve shows the brake 
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mean effective pressure or B.M.E.P. This quantity bears the same 
relation to B.H.P. as the indicated mean effective pressure or 
I.M.E.P. bears to I.H.P., that is 


B.M.E.P. 


B.H.P. x 33,000 
L.A.N. 


In Fig. 115 are plotted some typical results of a test on a petrol 
engine. These indicate how the horse-power, the mechanical 
efficiency, and the losses vary with the speed. 

3. Measurement of Heat Carried Away in the Cooling System. In 
the case of a water-cooled engine it is necessary to provide means of 



measuring the quantity of water passing through the cooling system 
of the engine, and the temperatures of the water at inlet and outlet 
of the engine. 

Then very nearly, 

Heat carried away = Weight of water X Rise of Temperature 
per min. per min. 

There is no reliable method of measuring directly the heat carried 
away by the air-flow over an air-cooled engine, and this quantity 
must therefore be included in the radiation losses which are estimated 
by difference between the quantity of heat supplied and the total 
of the heat quantities measured directly. 

4. Measurement of Heat Carried Away by the Exhaust Oases. It 
is instructive to separate this quantity into (a) the heat carried 
away by the products of combustion made up of the fuel and the 
minimum quantity of air required for complete combustion, and 
(ft) the heat carried away by the excess air. 
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The minimum quantity of air required may be calculated from 
the analysis of the fuel (see pp. 195-8). The total quantity of air 
used by the engine may be measured directly by one of the methods 
indicated on p. 285. This is not always convenient owing to the 
lead in of the air to the engine not being adaptable for the attach¬ 
ment of the necessary apparatus. In this case the total air may be 
calculated from an analysis of the exhaust products (see pp. 205-8 
and Example 11, p. 352). 

The mean specific heat of the products of combustion will also 
be required. This can be calculated from a knowledge of the con¬ 
stituent products, by allowing the appropriate proportion of the 
specific heat of each constituent (see Example 11, p. 352). Then in 
each case, Heat carried away 

= Wei 8 ht of Products X Specific heat X (jJSucte ~ InlTak) 

A direct measurement of the total heat carried away by the 
exhaust products may be made by means of an exhaust gas calori¬ 
meter. This consists of a vessel containing a number of tubes 
through which water is passing. The products pass round these 
tubes and are thereby cooled. By measuring the fall in temperature 
of the products, and the rise in temperature and the quantity of the 
water, the necessary determination may be made (see Example 10). 
It is very difficult to design an efficient calorimeter which will 
not baffie the exhaust, and hence this method is limited in its 
application. 

5. Heat Lost by Radiation. The heat lost by radiation cannot be 
measured directly, and hence it must be estimated by difference 
between the total heat supplied and the total heat measured. In 
the case of an efficient water-cooled engine it is comparatively 
small. As already mentioned, in the case of an air-cooled engine it 
will be a much larger quantity as it then includes the total heat 
rejected from the cylinder walls. 

Example 10. In a tost on an oil engine the heat in the exhaust gas was 
measured by means of a calorimeter which consisted of a number of wator- 
coolod tubes; in this the gas in passing through the tubes had its temperature 
lowered whilo heating the water. When the engine was developing 11-3 
B.H.P., the wator absorbod heat at the rate of 107 C.H.U. per min., and the 
observed gas temperatures wore: at exit from the cylinder, 309° C.; at inlet 
to tho calorimeter, 257° C.; and at exit from tho calorimeter, 145° C.; and 
the temperature of the laboratory was 18-6° C. Find the heat in the exhaust 
gas in C.H.U. per min. above tho room temperaturo, on tho assumption that 
tho spocific heat of the gas is constant. 

The fuol consumption during tho test was 5*14 lb. per hr. of oil of calorific 
value 10,140 C.H.U. per lb., and tho cylinder jacket-water was 8*2 lb. per 
min. with a rise of temperature of 34° C. Make out a heat balance for the 
test. (U.L., B.Sc. (Eng.), 1933.) 

Let M = Mass of exhaust gas in lb. per min. 

C v = Specific heat of exhaust gas. 



352 


APPLIED THERMODYNAMICS 


Then 107 = M X C p ( 257 - 145) 

, ,, „ 107 

and M xC p = jj 2 

Hence Heat in exhaust gas above room temperature 
= M X £,(309 - 18-6) 

= nl x 2904 = 277-4 CHU - P° r min - 

The heat balance is therefore as follows— 


Heat supplied by combustion of fuel 

= = 868-7 

60 

rj . . . . 11*3 x 33,000 

Heat equivalent of B.H.P. = -■ - 

1,400 

Heat rejected in exhaust gases 
Heat rejected in cooling water = 8*2 X 34 
Heat equivalent of engine friction, lost by 
radiation, and unaccounted for 



C.H.U. 

Percentage of 


per min. 

heat supplied 


266-4 

30-7 


277-4 

31*9 

= 

278-8 

32*1 


46-1 

5*3 


868-7 

100-0 


Example 11. The following particulars were obtained during a test on a gas 
engine. Draw up a complete heat account for the engine. 

Indicated horse-power 
Mechanical efficiency . 

Gas used per hour 

Lower calorific value . 

Analysis of gas (volume) 

Analysis of exhaust gas (volume) . 

Temperature of air . 

Barometer .... 

Dow point ..... 

Temperature of exhaust 
Cooling water per hour 
Cooling water inlet temp. 

outlet temp. 

Gas used per hour = 1,435 X X - 

= 1,380 S.C.F. 

We will calculate all heat quantities as per standard cubic foot 
of gas supplied, and reckon them from a temperature of 0° C., and 
so allow for the fact that the temperatures of the gas and air supplies 
are not the same. In this connection it must be remembered that 
the air supply will carry a certain amount of water vapour with it 
and this represents a certain amount of heat supply to the engine. 
This quantity can be calculated from a knowledge of the dew point. 


100 

76% 

1,435 cu. ft. at 15° C., and 6 in. water 
pressure 

255 C.H.U. per S.C.F. 

CH 4 28-1%, H, 49-6%, CO 11*3%, 
CO, 2-4%, N, 8*6% 

CO, 6-9%, N, 84-3%, O, 9*8% 

24° C. 

751 mm. 

20° C. 

500° C. 

2,550 lb. 

15° C. 

55° C. 


273 


L34. y 121 4- ft 
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Minimum Air required (see p. 196) 


1 cu. ft. gas 

O, required 

Products of Combustion (cu. ft.) 

contains (cu. ft.) 

(cu. ft.) 

CO, 

N, 

H,0 

ch 4 

0-281 

0-562 

0-281 

_ 

0-562 

CO 

0-113 

0-0565 

0-113 

— 

— 

H, 

0-496 

0-248 

— 

— 

0-496 

CO. 

0-024 

— 

0-024 

— 

— 

N, 

0-086 



0-086 

3-260 (from air) 


Total 

1000 

0-8665 

0-418 

3-346 

1-058 


Minimum air required per cu. ft. gas 
100 

= 0-8665 x = 4-126 cu. ft. 

Z1 

Nitrogen in this air = 4-126 - 0-866 = 3-26 cu. ft. 

Dry products = 0-418 C0 2 + 3-346N a = 3-764 cu. ft. 

Excess Air used 

Let x = the number of cu. ft. of excess air used per cu. ft. 
gas. 

Then the total volume of dry exhaust products 

( Volume of dry products \ . T7 , r 

r J 1 . 14- Volume of excess air 

from minimum air J 1 

= 3-764 + x 

Hence percentage C0 2 in total volume of dry products 

= 3 : ^ 4 - ;^. - j. = 0 059 (fr° m analysis) 

Hence excess air = 3-322 cu. ft. per cu. ft. of gas 
Total air = 4-126 + 3-322 

= 7-448 cu. ft. per cu. ft. of gas 


Mean Specific Heat of Oas 


A 

1 cu. ft. of Gas 
Contains 

(cu. ft.) 

B 

Specific Heat C 9 
from Table II 

(ft-lb. per S.C.F.) 

C 

Proportion of Specific Heat 
contributed by Constituent 
Gas = A x B 
(ft-lb. per S.C.F.) 

CH 4 0-281 

25-27 

7-101 

CO 0-113 

19-27 

2-177 

H, 0-496 

18-99 

9-419 

CO, 0-024 

26-33 

0-632 

N, 0-086 

19-22 

1-653 


Total 20-982 
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Hence mean specifio heat of gas 

= 20-982 ft-lb. per S.C.F. 

= 0-015 lb. cal. per S.C.F. 

Mean Specific Heat of Exhaust Products 

We will consider the products of combustion obtained with the 
minimum quantity of air necessary for complete combustion. 


A 

B 

C 

D 


Composition of 

Specific Heat of 

Proportion of C p 

Composition of 

Products per cu. 

Constituent Gas, 

contributed by 

Products per cu. 

ft. of Products 

from Table XVI, 

Constituent 

ft. of Gas 

A 

“ 4-822 

col. 2, 

= BxC 

(cu. ft.) 

(cu. ft.) 

(ft-lb. per S.C.F.) 

(ft-lb. per S.C.F.) 

CO t 0-418 

0-087 

37-25 

3-240 

N t 3-346 

0-694 

20-6 

14-296 

H*0 1-058 

0-219 

27-1 

5-935 

Total 4 822 

1-000 

i i 

23-471 


Hence the mean specific heat of the exhaust products with the 
minimum quantity of air, between temperatures of 100° C. and 
1 ,000° C. may be taken as 23-47 ft-lb. per S.C.F. == 0-0168 lb. cal. 
per S.C.F. 

The mean specific heat of the excess air between the same temper¬ 
atures = 20*6 ft-lb. per S.C.F. = 0 0147 lb. cal. per S.C.F. 

Weight of Water Vapour taken into the Engine by the Air Supply 

751 

Atmospheric pressure = 14-7 x = 14-5 lb. per sq. in. 

Atmospheric temperature = 24° C. 

Dew point = 20° C. 

Pressure of water vapour at 20° C. (from steam tables) 

— 0-34 lb. per sq. in. 

Hence pressure of dry air (see p. 505) 

= 14-5 - 0-34 = 14-16 lb. per sq. in. 

Hence 1 cu. ft. of air at 14-16 lb. per sq. in. and 24° C. 

14-16 273 
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But 1 lb. of water vapour at 0-34 lb. per 8q. in. occupies 922 cu. ft. 
(from steam tables). 

Hence weight of water vapour associated with 1 S.C.F. of air 
1 1 
922 A 0-885 

Hence weight of water vapour taken in by the air supply (7-448 
lb.) per cu. ft. of gas 


7-448 

922 X 0-885 


= 0-0091 lb. 


The heat carried in 1 lb. of water vapour is the total heat at 
0-34 lb. per sq. in. (from steam tables) = 603-7 lb. cal. 


Heat Balance 

Heat suppliod by combustion 
Heat carried in by gas = 1 x 0 015 X 15 ** 

Heat carried in by air = 7-448 x 0-0147 X 24 = 
Heat carried in by moisture = 0-0091 X 603-7 = 

Heat carried in by cooling water = ? X 15 = 

Heat rejected in cooling water = X 55 = 

1 ,ooU 

Heat rejected in exhaust products (minimum 
air) = 4-822 X 0-0168 X 500 = 

Heat rejected in excoss air 

= 3-322 X 0-0147 x 600 = 

Heat equivalent of B.H.P. 

0-76 x 100 x 1,414 
“ 1,380 

Heat equivalent of engine friction, etc. 

_ (100-76) X 1,414 
1,380 

Heat lost by radiation and unaccounted for 


Lb. cal. per S.C.F. of gas 

255 

0-23 

2-63 

6-49 

27-72 


101-63 

40-51 

24-42 


77-87 


24-59 

22-05 


291-07 291-07 


A convenient arrangement of these figures is as follows— 

Lb. cal. per Percentage of 
S.C.F. of gas heat supplied 


Heat supplied by combustion of fuel 

255 


Net heat rejected in exhaust gases 

= (40-51 -f 24-42) - (0-23 + 2-63 + 6-49) = 

56-58 

22-2 

Net heat rejoctod in cooling water 
= 101-63 - 27-72 

73-91 

29-0 

Heat equivalent of B.H.P. = 

77-87 

30-5 

Heat equivalent of engine friction = 

24-59 

9-6 

Heat lost by radiation and unaccounted for = 

22-05 

8-7 


255-00 

100-0 
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As an example of the heat distribution in a high-speed petrol 
engine the following results of observations, taken with a high 
degree of accuracy, in tests of the Ricardo variable compression 
engine, show the distribution of heat in that engine under different 
conditions of working on the same sample of petrol (/l). In the 
first test at compression ratio 3-8 : 1, with constant fuel to air ratio, 
but varying speed, the results obtained were— 


Revolutions per minute .... 

Piston Speed, foot per minute 

975 

1,300 

1,600 

2,000 

1,700 

2,266 

Heat converted to indicated horse-power, per 
cent ....... 

26-9 

261 

26-1 

Heat lost to cooling water, per cent 

30-4 

28-0 

270 

Heat lost in exhaust, radiation, etc., per cent. 

43 7 

46-9 

469 


1000 

100-0 

100-0 


Similar tests with ethyl alcohol (95 per cent) give a thermal 
efficiency up to 38-3 per cent, with a compression ratio 7:1. 

The second test with petrol (A) at compression ratio 5*45: 1, with 
constant fuel to air ratio, and at constant speed 1,500 r.p.m. and piston 
speed 2,000 ft. per min., but with power varied by throttling, gave— 


Percentage of maximum indicated horse-power 

100 % 

80% 

60% 

40% 

Heat converted to indicated horse-power, per 
cent ....... 

Heat lost to cooling water, per cent 

Heat lost in exhaust, radiation, etc., per cent . 

33-5 

26-5 

40-0 

34-0 

28-2 

37-8 

34-1 

31-8 

34-1 

33-5 

36-5 

31-0 

100-0 

1000 

100-0 

100-0 


In both cases the circulating water was at constant temperature 
60° C. ± 2° C. The heat input to the carburettor was adjusted to 
bear a constant proportion to the weight of petrol used. The fuel- 
air ratio was such as to give nearly 10 per cent of air in excess of 
that required for complete combustion of the petrol, the air con¬ 
sumption being measured and adjusted in each case. No readings 
were recorded until all temperature conditions had been steady for 
a considerable time after each change of working condition. 

The heat lost in the exhaust, radiation, etc., was obtained by 
difference. 

The indicated thermal efficiency may be taken as accurate to 
within about half of 1 per cent, and the heat to the cooling water 
to within 1 per cent. In both tests the heat produced by piston 
friction and that lost by radiation balanced at nearly 1,600 r.p.m., 
the cooling water temperature at which the readings wore taken 
being that which the cylinder attains when motored continuously 
at 1,500 r.p.m., i.e. 45° C. above atmospheric temperature. 
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The results of a very valuable series of oil engine trials may be 
found in the various reports of the Marine Oil Engine Trials Com¬ 
mittee. As an example may be quoted that carried out on a Scott- 
Still Marine Oil Engine, which consists of a combined internal 
combustion and steam engine, in which heat from the exhaust gases 
and that usually lost from the combustion of the fuel through the 
walls of the cylinder liner to the jacket cooling water, is recovered 
and utilized in the generation of steam, which does work in the 
steam engine cylinders, and the exhaust steam from these drives 
a low pressure steam turbine. 

This particular installation is only one example of the application 
of the Still principle of waste heat recovery, and is chosen on account 
of the very complete and independent tests published.* 

The oil engine works on the two-stroke cycle, and automatic 
ignition of the charge is ensured at the comparatively low com¬ 
pression pressure of 360 lb. per sq. in., owing to the high tem¬ 
perature of the jacket and cylinder walls. 

The oil fuel is supplied by airless injection through a spring- 
loaded valve from a pump operated by a cam, which fixes the timing 
of the fuel spray injection into the cylinder at a pressure of about 
3,500 lb. per sq. in. produced by the pump. 

The fuel pump mechanism opens a spill-valve at a variable 
position of the pump stroke, which is controlled by the governor, 
thus regulating the period of injection and the quantity of fuel 
injected. When the spill valve is opened, the delivery of oil fuel 
from the pump to the cylinder is cut off, and the oil flows back to 
the supply tank. 

The cam rollers are moved sideways by a ram under oil pressure, 
to engage with either the “ ahead ” or “ astern ” cams for reversal. 

The exhaust gases from the cylinder pass direct through the 
small steam generator, or “primary regenerator,” fixed on the 
exhaust pipe of each cylinder, wherein part of the heat carried 
away in the gases is given to the water as it flows up a group of 
vertical tubes on its way to tho cylinder jacket. After leaving 
the primary regenerator, the gases from the cylinders enter a 
common exhaust manifold, and pass along to the water drum of 
the main regenerator. The water drum contains straight tubes, 
through which the gases flow and give up more heat. The last 
quantity of heat is taken from them in passing through a rectangular 
oounter-current feed water heater, which consists of a nest of water 
tubes. The exhaust gases thus reduced in temperature to about 
300° F., finally escape up the funnel to the atmosphere. 

The water in the cylinder jacket is at practically constant temper¬ 
ature, corresponding to the steam saturation pressure, about 120 lb. 
per sq. in. (gauge) in the boiler and regenerators. Tho heat from 
the explosion, transmitted through the liner and head of the cylinder 
* Proc. Inst. Mech. £7., 1925. 
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to the water jacket, is absorbed as latent heat of evaporation of the 
steam generated in the jacket. 

The natural circulation of water, from the water drum of the 
boiler through the primary regenerators and cylinder jackets, and 
the mixture of water and steam led up a rising main to the steam 
drum, where the steam is separated, is by thermo-siphon, by the 
difference of density of the mixture of steam and water. 

The steam, separated in the steam drum, passes to the cylinder 
jacket and through valves, to the underside of the piston in the 
high pressure cylinder. In a four-cylinder engine, the aft cylinder 



Fio. 110. Indicator Diagrams -Scott-Still Marine Oil Engine 


of the set is high pressure and exhausts into a receiver which supplies 
the other three cylinders. 

The main regenerator is a mollified Yarrow type boiler, fitted 
with oil burners, in the combustion chamber under the water tubes 
connecting the steam and water drums, to augment the steam 
supply when more power is required, as well as in starting and 
manoeuvring. To start the engine, the steam raised in this oil- 
fired boiler passes direct to all the single-acting steam cylinders, 
which exhaust through the turbine to condenser. 

The rating of each main engine is 1,250 B.H.P. at 120 r.p.m., the 
power being developed in four cylinders, working on the two-stroke 
single-acting cycle. The dimensions of the port engine are : stroke, 
36 in.; bore of each combustion, and steam cylinder, 22 in. ; piston- 
rods, 6*25 in. ; and ratio of compression, 8-56. The fuel was Anglo- 
American Diesel oil, of specific gravity 0-864 at 59° P.; flash point, 
176° F. ; burning point, 198° F. ; and higher calorific value, 19,500 
B.Th.U. per lb. Ultimate analysis : Carbon, 86-09 ; H a , 12-95 ; 
S, 0-4 ; 0 2 , 0-52 ; and N 2 , 0-04 per cent. 

In the tests at full rated power, of 4 hours’ duration, at average 
speed 121-9 r.p.m., the indicator diagrams, Fig. 116, were taken. 
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The combustion is partly at constant volume and partly at 
constant pressure, on the dual cycle. 

Results obtained from the combustion cylinders — 

Pressure at end of compression .... 355 lb. per sq. in. 

Pressure at maximum explosion . . . 682 „ „ 

Pressure at ond of expansion .... 39-3 „ ,, 

Mean indicated pressure, average of all cylinders . 76*6 „ ,, 

Indicated horse-power (combustion only) . . 1,290 

Thermal equivalent of indicated horse-power for 1 min. 64,700 B.Th.U. 


On the steam side — 

Temperature at exit from water-drum . . . 344° F. 

Pressure in steam drum ..... 115*8 lb. per sq. in. 

Pressure at admission, high pressure cylinder . . 47-5 ,, 

Prossure at admission, low pressure cylinders . . 4-8 „ 

Pressure at exhaust (below atmosphere). . . - 10-6 „ 

Average, mean indicated pressure of all cylinders . 6-9 ,, 

Indicated horse-power (steam only) . . .116 

Thermal equivalent of indicated horse-power for 1 min. 4,920 B.Th.U. 
Total indicated horse-power, combustion and stoam . 1,406 


Work done by exhaust steam from one engine on turbo-blower 
(intended for both sets of engines)— 

Heat drop in turbine per poimd of steam . . 88 B.Th.U. 

Effective brake horse-power by Heenan <fe Froude 

absorption dynamometer .... 1,271 

Brake moan effective pressure .... 75-4 lb. per sq. in. 


Mechanical efficiency = 


Brake horse-power 
Total indicated horse-power 


1,271 

1,406 

90-4 per cent 


Oil fuel consumption per brake horse-power hour = 0-352 lb. 
Oil fuel consumption per indicated horse-powor = 0-322 lb. 


a remarkably good result. 

In order to enable comparisons to be made with the performance 
of other engines, and to subdivide the thermal equivalents of the 
work done in the Thermal Balance Sheets, the combustion side of 
the engine is debited by the Committee with all the frictional 
resistances, and so may be said to give at the brake a quantity 
called the “ combustion brake horse-power.’* Then the effect of 
the assistance of the steam is to add all its power (indicated horse- 
powor steam) to the combustion brake horse-power to make up the 
observed effective brake horse-power. 

Thus, Friction H.P. = 1,406 - 1,271 = 135 H.P. 
and Combustion B.H.P. = 1,290 - 135 = 1,155 H.P. 

Effective B.H.P. = 1,155 + Steam I.H.P. 116 = 1,271 
Thermal equivalent of effective B.H.P. for 1 min. is 53,910 B.Th.U. 
Thermal efficiency on total I.H.P. (not including the L.P. turbine) 

= 40*5 per cent 
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Thermal efficiency on effective B.H.P. = 37 1 per cent. 


Efficiency ratio = 


Thermal efficiency on total I.H.P. 
Efficiency of ideal engine (50 per cent) 


Thermal Balance Sheet, from Test No. 10 of the Marine Oil 
Engine Trials Committee (Second Report)— 

Fuel supplied—0*362 lb. per brake horse-power hour 100 por cent 
Distribttiion of Heat — Per cont 

Effective brake horse-power, 1,271 at 121*9 r.p.m. 

(Combustion B.H.P. 1,156 -f steam I.H.P. 110) 37*12 

Power for scavenger blower from L.P. turbine . 2*37 

Friction ....... 3*93 


Total indicated horse-power . . . 43*42 per cent 



o 200 400 600 SOO WOO l?C0 1400 16.00 

Horne Power. 

Fio. 117. Fuel Consumption and Thermal Efficiency Curves 
(Scott-Still Regenerative Oil Engine) 


Heat Losses — 

Finally carried away in exhaust gases • . 23*07 

Rejected in condenser cooling water . . 26*82 

Radiation. 7*69 66*58 per cont 

Heat in fuel.100*00 

The indicated power is made up as follows — 

Combustion indicated horse-power . . . .37*67 per cent 

Regenerated steam indicated horse-power . . 3*38 „ 

Regenerated steam in L.P. turbine (heat drop) . . 2*37 „ 

Total inchoated horse-power .... 43*42 per cent 


Thermal Efficiency, percent 







INTERNAL COMBUSTION ENGINES 


361 


The power developed by the low pressure steam turbine is 
obtained from the fuel burned in the combustion cylinder, and is 
here added to the indicated power of the engine, as part of that 
from the steam generated by the waste heat. This makes the total 
indicated horse-power 1,457, and the rate of fuel consumption 0*31 lb. 
per indicated horse-power hour, increasing the thermal efficiency to 
42-1 per cent, instead of 40*5 per cent (see Fig. 117). 

The mechanical efficiency becomes 87-2 per cent. 

The Gas Turbine. The essential difference between the recipro¬ 
cating internal combustion engine and the gas turbine, apart from 
the difference in reciprocating and rotary motion, lies in the fact that 
while in the former, combustion, expansion and compression take 
place in one and the same cylinder, in the latter each of these 
operations is produced in a separate component. 

Thus the main operations consist of (a) the compression of cool 
air in a rotary compressor, (b) the heating of this air by the combus¬ 
tion of fuel in a combustion chamber, and (c) the expansion of this 
hot high pressure gas in a turbine. To these main components may 
be added heat exchangers, heaters and coolers, so that in dealing with 
the thermodynamics of a gas turbine system we have to deal with 
the efficiencies of the various components, and their effect on the 
overall efficiency of the system. Limitations of space confine our 
treatment of the subject to the basic principles underlying some 
of the systems in use. 

The Open Circuit, Constant Pressure System. The system is 
illustrated in Figs. 118, 110, 120 in which polytropic compression 
and expansion with no cooling, but with internal friction, is assumed 
as in the paragraphs on compressors (p. 162) and the air motor (p. 170). 

For simplicity it is also assumed that the compressor and turbine 
work between the same pressures. 

Air from the atmosphere is drawn into the compressor at a tem¬ 
perature T a and a pressure p x and compressed to a pressure p 2 and 
a temperature T b . As already explained (p. 162) the actual pressure- 
volume curve ab will be steeper than the ideal isentropic compression 
curve ah ', while the corresponding curves with corresponding 
lettering are shown in Fig. 120. This air now passes through a heat 
exchanger, and takes up heat from the turbine exhaust which would 
otherwise bo wasted, thus raising the temperature to some value 
T x . The air now enters the combustion chamber, where it receives 
further heat from the combustion of the fuel (assumed at constant 
pressure p 2 ) the products of combustion rising in temperature to 
T c in which condition they enter the turbine. The products expand 
in the turbine along the actual expansion curve cd> the ideal isen¬ 
tropic expansion curve being cd'. The products leave the turbine 
at T d and pass through the heat exchanger to exhaust. 

Owing to the heat produced from the combustion of the fuel, the 
work delivered, by the expansion in the turbine, to the turbine 
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shaft is greater than that absorbed by the compressor, the balance 
being available for the exterior load. 

If the weight of fuel is neglected, and the properties of air and 
the combustion products are assumed the same, then from pp. 171 
and 163 we have— 

Turbine work = C v (T c — T d ) and compressor work = C P (T b — T a ) 
in heat units per poimd of air, if C v is in heat units. 



Fia. 118 System 




Fia. 119. p-v Diagram Fig. 120. T -< j > Diagram 


Net work available — C P [(T c — T d ) — (T b — T a )] heat units per lb. 
Heat supplied from fuel — C P (T e — T x ) heat units per lb. 

The heat available from the turbine exhaust is C P (T d — T b ) as 
obviously the lowest possible temperature of the exhaust is T b . 

Let it be assumed that the fraction y of this heat is put back into 
the air leaving the compressor. 

Then heat saved in the heat exchanger = yC p (T d — T b ) 

where yC v (T d — T b ) = C V (T X — T b ) and hence T x = T b + y(T s — T b ) 
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Hence 

Heat supplied from fuel 


Heat supplied from fuel = C v (T c — T x ) 

= C J> [(T c -T b )-y(T d -T b )] 
per lb. 

, _ . r Net work available 

and efficiency of system = ,- T -—;- r - 77 — . 

Heat supplied from fuel 

(T e -T d )-(T b -T a ) 

(T c ~T b )-y(T d -T b ) ‘ [ > 

In the absence of a heat exchanger the efficiency of the system 
would be 

(T e - T d ) - (T br T n ) 

Wc-? b ) " '■’ 

If in addition the compression and expansion were isentropic 
then 


Efficiency of system = {T * T *} ij* '- 

K 1 c — 1 b'J 

* (T c -T b .)-(T s-T a ) 

(f c -T H ) • ■ ■ w 

This it will be seen is the efficiency of the Joule Air Cycle. 

In the equations given above, the temperatures which would 
probably bcifixed are T a the compressor inlet air temperature and 
T c the maximum allowable gas temperature at the turbine inlet. 
If the compressor and turbine efficiencies and the pressure ratio r 
arc known, the other temperatures can be determined as follows. 

T — T 

-„ _ r <1 


Isentropic turbine efficiency 


T d = e t (T c - T d .) = e t T 




=-[-(r] 


Isentropic compressor efficiency = s c 


T b --T a 

T,-T a 


r._ r. - I(r. - rj = £ (£- >) - £ (- - ■) 

.... 
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Specific Heats and Weight of Fuel. In the simple treatment given 
above, no account has been taken of the weight of fuel injected, 
and of the difference of the specific heats of air and the products 
after the fuel combustion. 

Let w f — weight of fuel per lb. of air used 

C m = specific heat of products and C a = specific heat of air 
Then the expressions in the last paragraph become— 

Turbine work = (1 + w,)C m (T e — T d ) 

Compressor work = C a (T b — T a ) 

Heat supplied (approx.) = C m ( 1 + w f ) (T c - T b ) — C^(T d - T b ) 

with heat exchanger 

= + w f ) (T c — T b ) without heat 

exchanger 

all expressions being in heat units per pound of air used. 

Example 12. An open circuit constant pressure gas turbine plant works on 
a pressure ratio of 5. The inlet air temperature is 60° F. and the maximum 
allowable temperature in the turbine is, 1,000° F. The turbine isentropic 
efficiency is 87 per cent and that of the compressor is 85 per cent. 

What is the overall efficiency of the plant (a) if no heat exchange is usod, (6) 
with a heat exchange returning 00 per cent of the available heat to the systom. 
Assume y — 1*4. 

y- 1 /1 \ v-1 

r y = 5 0 ' 288 = 1-584 and M r =0-631 


T„ = T^l - = 1 ,460[ 1 - 0-87(1 - 0-631)] 

= 991° F. abs. 

n “ T. [l + - l)] - 520 [l + ,4 (1 584 - 1 ,] 


(a) Efficiency 


( 6 ) Efficiency 


877° F. abs. 

, ncv : (T '-T d )-(T b -T n ) 

' y T c - T b 

_ (t,4 60-99 1) - j877 - 620) 

“ " 1,460 — 877 

= 0-193 

3ncy - W'- T 4 )-(T t -T a ) 
y (T c -T b )-y(T d -T b ) 

(1,460 - 991)- (877 - 620) 
~ (1,460 - 877) - 0-6(991 - 877) 
= 0-218 
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Effect o! Compressor and Turbine Efficiences on Plant Efficiencies. 

An examination of the equations given in the last paragraph will 
show that if the compressor and turbine efficiencies are below 
certain values, there will be no net work available from the system. 
Thus in Eq. 1 (p. 363) for the net work to be zero T c — T d — T b — T a . 
Substituting the values of T d and T b from Eqs. 4 and 5 we have 


or 




**' = ¥•' 


y- l 

r y — 1 


(r j 


520 1*584 — 1 


1,460 ’ 1 — 0 631 


0*565 



Turbine Efficiency-per cent 


Fio. 121 


Fig. 121 shows values of e t and e c plotted from this equation 
and indicates that in order that there shall be a positive amount of 
net work for the system, values of e t and e c must be taken from 
the right-hand side of the curve. Thus, in the previous example, 
if the turbine efficiency is 87 per cent, the minimum necessary 
efficiency for the compressor is 64 per cent. 

Effect of Compression Ratio on Work Done and Efficiency. This 
is best shown by means of an example, so referring to Fig. 120 

let T a = 520° F. abs. and T c = 1,460° F. abs. 

e t = 0*87 and e c — 0*85 

Specific heat C m = C a = 0*25 and y = 1*4 
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For simplicity ignore the weight of fuel compared to that of air. 
Then for a compression ratio of 2— 

r-i /1 \v —i 

r y = 2 028 ® = 1-219 and |-| v = 0-82 

T i = T^l - e, ^1 -(I)^)] = 1,460 [1 - 0-87 (1 - 0-82)] 

= 1,230° F. abs. 

Turbine work = 0-25(T r - T„) = 0-25(1,460 - 1,230) 

= 57-5 B.Th.U. per lb. air 



0 2 4 6 5/0 

Pressure Ratio — P 
Fia. 122. Effect of Pressure Ratio 


T > = r -[‘ +{ {' ’'‘ ~ ')] = 520 [' + 0 ® 11 - 19 - !>] 
= 653° F. abs. 


Compressor work = 0-25 (T b — T a ) = 0-25(053 — 520) 

— 33-3 B.Th.U. per lb. air 

Net work = 57-5 - 33-3 = 24-2 B.Th.U. per lb. air 

Heat supplied by combustion assuming no heat exchange 
= 0‘25(T C — T b ) 

= 0*25(1,460 — 653) 

- 201-8 B.Th.U. per lb. air 


Efficiency of system 
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If this is repeated for various values of the pressure ratio r as 
below, the curves in Fig. 122 will be obtained,. 


r 

2 

4 

6 

8 

10 

r o't8« 

1*219 

1*486 

1-699 

1-811 

1-932 


0*820 

0*673 

0-600 

0-552 

0*517 

/ 1 \ 0*286 

M;) 

0-180 

0*327 

0-400 

0-448 

0-482 

-t-on 

0*157 

0*284 

0-348 

0-390 

0-419 

-i-on 

0-843 

0*716 

0-652 

0-610 

0-581 

'.-■[--(-on] 

1,230 

1,045 

951 

893 

850 

W . - 0*25 (T e - T d ) 

57*5 

103-7 

i 

127*2 

141-7 

152-2 

ro w* _ \ 

0-219 

0*486 

0*669 

0-811 

0-932 

£ c 

1*257 

1*572 

1*786 

1-955 

1-092 


652 

818 

928 

1,016 

1.080 

W, = 0-25 (7\ - T.) 

33 

74*5 

102 

124 

140 

Net work - W - W t ~ W e 

24*5 

29*2 

25-2 

17-7 

1 12*2 

Heat suppliod = 0*25 (T c — T b ) 

202 

160 

133 

111 

95 

■ w t - 

J Heat m 

0*121 

i 

j 0-184 

0-18!) 

0*159 

t 0-128 

1 _ 


Multi-stage Compression and Expansion. It has been shown 
(p. 134) that the efficiency of the Ericsson Cycle is equal to that of 
the Carnot Cycle between the same extreme temperatures. This is 
owing to the fact that the heat transfers are made during the iso¬ 
thermal compression and expansion only (Paths ab and cd , Fig. 123), 
the heat transferred from the regenerator to the air along the con¬ 
stant pressure line be (Fig. 123) being returned to the regenerator 
along the path da . 

Fig. 124 shows how multi-stage compression with intercooling can 
approximate to isothermal compression if the number of stages is 
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sufficiently numerous. Thus the first-stage isentropio compression 
would be along the path aB , the intercooling at constant pressure 
to the original temperature being represented by Ba n so that 
Ta, = T a . The next stage compression would be aJB, and so on. 
It is obvious therefore that as the number of stages increases, the 



V v 


Fio. 123. Ericsson Cycle Fig. 124. Multi stage Compression 

serrated line aBa x B v etc., approximates more and more to the 
smooth isothermal curve aA. The same argument applies to an 
expansion curve with the substitution of reheating for intercooling. 



Fuel 


■Exhaust 

Fio. 125 Multi-staoe System 

The arrangement as applied to the open circuit system is shown 
in Fig. 125, while Fig. 126 shows the pv diagram. In this figure, the 
thick lines indicate the actual path of the working substance, the 
thin lines are isentropics and the broken lines are isothermals. 

The process through which the working substance passes is as 
follows. Air at a pressure p x and temperature T a enters the low 
pressure compressor and is compressed to a pressure p' and a 
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temperature T n , and passing through the intercooler is cooled to 
its original temperature T a along the path Ba . In passing through 
the high pressure compressor, its pressure is raised along the path 
a'b to a pressure p 2 the temperature rising to T b . After passage at 
constant pressure p 2 through the 
heat exchanger and combustion 
chamber, the temperature is raised 
to T c . In the high pressure turbine 
the gas expands along the path cD 
to the pressure p' and the tempera¬ 
ture T d . In the passing through 
the reheater at constant pressure, 
the temperature is raised along the 
path Dc' to its original tempera¬ 
ture T c after which expansion in 
the low pressure turbine along c'd 
reduces the pressure to p x and the 
temperature to T d . The gas then 
passes through the heat exchanger 
to exhaust. 

In order to obtain an expression for the efficiency of the system, 
let the pressure ratio be the same for each stage of compression or 

7) 7) f 

expansion so that r — -7 ~ — 

V Pi 

Hence from Fig. 126— 

As a and a' are on the same isothermal aa' then T a > = T a 

As c and c' are on the same isothermal cc' then T c > — T c 

Assuming the laws for the two compressions aB and 

a'b are the same, then T b = T B 

Similarly for the two expansions cD and c'd T d ~T D 

For the two isentropic compressions aB' and a'b' T b > = T B > 

For the two isentropic expansions cD' and c'd' T d / = T D > 

A comparison with the equations on pp. 262 and 263 will indicate 
the following, all expressions being in terms of heat units per pound 
of air. 

Work done in each turbine stage 

= C p (T c -T d ) 

Work done in each compressor stage 

= C 9 (T B -T a ) 

= C v [(T c -T D )-{T B -T tt )) 



Net work 






370 


APPLIED THERMODYNAMICS 


Heat supplied by fuel 

= C ' v [(T c -T b )-y(T d ~T b )} 

= C,[{T c -T B )-y(T D -T B )] 

Heat supplied by reheater 

- C,(T r - T d ) 

Efficiency of system 

2C p [(T r -T D )-(T B -T a )] 
C v [(T c ~-T b ) - y(T D ~ T b ) + (T c — T d )\ 



The temperatures T B and T h may be expressed in terms of T a 
and T t and the turbine and compressor efficiencies as follows. 


Since «, _ then T„ - T. [l I - 1 )] 

Since e, - T 2 ; - then T n =- 7*^1 - *,(l - 

-4 


The temperature-entropy diagram for this cycle is shown in Fig. 
127 with corresponding lettering for comparison with the pressure- 
volume diagram Fig. 126. It should be noticed that the path bh on 
the T-i diagram represents the heat absorbed by the air on passing 
through the heat exchanger, and the path he represents the heat 
produced by the combustion of the fuel. The path de represents 
the heat saved from the exhaust from the turbine. 
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Example 13. In a two-stage compression and expansion gas turbine system 
with exhaust heat recovery the pressures concerned are 1, Vfi, and 5 atmos¬ 
pheres respectively. The inlet air temperature is 60° F. and the maximum 
permissible gas temporature is 1,000° F. The isentropic efficiencies of turbine 
and compressor are 87 per cent and 85 per cent respectively, while 60 per cent 
of the available heat in the turbine exhaust is recovered in the heat exchanger. 
Determine the efficiency of the system. Assume y = 1*4. 

For each stage r - V5 

y - 1 0280 

r y -- 5 * - 1-259 


and 


(0 


r - l 

v ‘ 0-794 


r„-5T. ['+ i(r^'-')] 

520 J^M- (1-259 - l)j - 078-6° F. abs. 

T " - T ' [■-*'(■- (fF)] 

- 1,4G0[1 -- 0-87(1 - 0-794)] - 1,199° F. abs. 


Efficiency of system 

2 [(T t -T u ) — (Tj{— T a )] 

(T c - T b ) - y\T D - T h ) + (T c - T D ) 

2[(1,4(>0- 1,199 )- (679- 520)] 

(1,400 079) — 0 0(1,199 - 079) + (1,400 - 1,199) 

0-279 

A comparison of this result with those in Ex. 12, p. 304, shows 
the effect on the plant efficiency, of the heat exchange, and of 
compound compression, and expansion with intercooling and 
reheating, if the pressure ratio and the extreme temperatures are 
the same. 

With no heat exchanger, efficiency is 19-3 per cent 
With heat exchanger, efficiency is 21-8 per cent 
With heat exchanger witli compound 

compression, etc., efficiency is 27-9 

The Closed Cycle (Escher Wyss). In the closed cycle (Fig. 128) 
compressed air leaves the compressor C\ and passes via the heat 
exchanger HE through tubes in the air heater H which are heated 
from some external source. The hot high pressure air then passes 
through the turbine T and then through the heat exchanger. As 
the air is still at a high temperature when leaving the heat exchanger, 


*3 (T.5434) 
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it is cooled in a pre-cooler PC before passing to the compressor 
intake. 

There are several advantages of this closed circuit. The air is not 
contaminated by the combustion, and hence fouling of the heat 
exchange tubes and the turbine blades is obviated. The intake 
pressure to the compressor can be above atmospheric thus raising 
all the pressures in the circuit. This enables smaller machines to be 



Fuel 

Fia. 128. Closed Cycle 


used, which again means lower centrifugal stresses on the 
compressor and turbine blades. Ail forms of fuel can be used. 

A disadvantage is that large heating surfaces are required in the 
air heater and pre-cooler which enhance the initial cost, so counter¬ 
balancing the reduced cost in other directions. 

EXAMPLES VIII 

1. Prove that the ideal efficiency of an internal combustion engine working on 

the Otto cycle isl-^-^-j^ *, where r is the ratio of compression. Calculate 

this efficiency in the caso of an engine having a stroke 1C in., a piston diameter 
12 in., and a clearance volume of 485 cu. in. ; and find the gas consumption 
per indicated horse-power hour if the gas has a calorific value of 260 C. H.U. 
per cu. ft., and the efficiency ratio of tho engine is 66 per cent. 

(IJ.L., B.Sc. (Eng.), 1923 .) 

^ 2. A gas engine, working on tho Otto cyclo, has clearance 0*26 cu. ft. and 

the volume swept by piston 1 *26 cu. ft. From the indicator cards tho com¬ 
pression curve is p . v 135 = constant, and the expansion p . v 1,3 = constant. 
When the compression stroke begins, the charge is at 14 lb. per sq. in. absoluto 
and 100° C. The maximum pressure of explosion at constant volume is 
400 lb. per sq. in. (abs.), and at 110 explosions per minuto the engine takes in 
10 cu. ft. per min. of gas, having lower calorific value 276 C.H.U. per cu. ft. 
as used. 

Calculate: (a) the net indicated work per cycle ; (b) the indicated horse¬ 
power ; (c) the thermal efficiency ; and ( d ) the efficiency relative to that of 
the ideal air cycle for the engine (y = 1-4). 

3. An air engine works on an idoal cyclo in which heat is received at constant 
k pressure and rojectod at constant volume. Tho pressure at the end of the 
suction stroke is 141b. per sq. in. (abs.); tho ratio of compression is 16*3, 
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and the ratio of expansion is 7*5. If tho expansion and compression curves 
are given by p . v 1 * 4 — constant, find tho mean pressure for the cycle. 

An oil ongine working on this cycle, and with the above expansion and 
compression ratios, and initial pressure, gives a mean pressure of 1141b. per 
sq. in. Account for tho difference. ( U.L ., B.Sc. {Eng.).) 

^ 4. Calculate the ideal efficiency of a Diesel engine with a compression ratio 

14 and fuel cut-off at 1 /20th stroke. If the efficiency ratio for the engine is 
0-72 at full load find the oil consumption per horse-power hour when using 
oil of calorific value 10,000 C.II.U. per lb. 

What change in efficiency ratio would you expect as the load on the engine 
is reduced? ( U.L ., B.Sc. {Eng.), 1927.) 

6. The cycle of an engine consists of three stages: an isothermal compres¬ 
sion, an increase of pressure at constant volume, and an adiabatic expansion. 
If r is the ratio of expansion and compression, show that the efficiency is— 

B log r 

1- -—- 

I • <7®(r v ~ 1 - 1) 

In such a cyclo air is supplied at 15 lb. per sq. in. and 27° C., and compressed 
to 75 lb. per sq. in. C p « 0-238; C v = 0-17. 

Find, per lb. of air, the heat supplied, in C.H.U., and the work done, in 
ft-lb. per cyclo. ( U.L., B.Sc. ( Eng.), 1934.) 

S 6. Calculate the stroko and diameter of a gas ongine which is to develop 

15 H.P. at 300 r.p.m. Assume a compression ratio of 4*5, adiabatic com¬ 
pression, a pressure at the end of explosion of 3501b. per sq. in., and an 
expansion index of 1*3. Tho stroke is to be 1-5 times the diameter. 

( U.L. , B.Sc. {Eng.), 1923.) 

^ 7. A gas engine has to develop 20 B.H.P. with a mechanical efficiency of 
80 per cent, when there are 80 explosions per min. Determine the necessary 
diameter of tho cylinder if the stroke is 2 ft. The equations to tho expansion 
and compression curves are of tho form pv l 2s — constant; the clearance is 
one-fourth of the volume swept by the piston, and the maximum pressure 
after ignition is three times the compression pressure. 

{U.L.,B.r {Eng.).) 

8. The swept volume of a mixed cycle oil engine is 805 cu. in. and the 
clearance volume 70 cu. in. An indicator diagram shows a moan effective 
prossure of 91 lb. per sq. in. and that tho pressure at the end of a compression 
is 385 lb. per sq. in., the maximum pressure is 570 lb. per sq. in. and cut-off 
of fuel occurs at 4 per cent of tho stroko. Assuming that compression begins 
at the beginning of the stroke and that tho pressure and temperature of tho 
cylinder charge is then 14 lb. per sq. in. and 90° C., find the temperature 
(a) at the end of compression, (6) after heat addition at constant, volume, (c) 
at cut-off after hoat addition at constant pressure. Neglect molecular con¬ 
traction. 

Assuming constant specific heats at constant volume and constant pressure 
of 0-18 and 0-25 respectively, estimate the heat supplied per cycle to the point 
of cut-off and find tho fraction of this heat which appears as indicated work. 

Why would the actual thonnal efficiency of the engine be much lower than 
is given by this estimate? ( U.L., B.Sc. {Eng.), 1931.) 

9. A single-cylinder oil engine working on the four-stroke cycle is to develop 
40 B.H.P. when running at 250 r.p.m. The fuel supplied has a calorific value 
of 18,500 B.Th.U. per lb., and contains 85 per cont of carbon and 15 per cent 
of hydrogen by weight. The following efficiencies may be assumed: thermal 
efficiency on B.H.P., 30 per cent; mechanical efficiency, 85 per cent; volu¬ 
metric efficiency, 80 per cent. The air temperature is 70° F., and the pressure 
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14*2 lb. per sq. in.; and the weight of excess air supplied is to be 80 por cent 
of that theoretically required for perfect combustion. Calculate the cylinder 
diameter, assuming a stroke-boro ratio of 2 : 1. (I .Mech.E., 1932.) 

10. Derive a general expression for the change of entropy taking place in 
a mass of gas when it expands. 

In a gas engine the compression ratio was 6:1. The temperature and 
pressure at the beginning of compression were 80° C. and 141b. per sq. in. 
The index of compression was 1*32, and combustion took place approximately 
at constant volume, the maximum pressure attained being 360 lb. per sq. in. 
The specific heats of the mixture at constant pressure and at constant volume 
can be taken as 0*25 and 018 respectively. 

Find the change of entropy per lb. (a) during compression, ( b) during 
combustion. ( V.L. , B.Sc. (Eng.), 1932.) 

11. A six-cylinder petrol engine, 100 min. diameter by 100 mm. stroko, 
running at 1,500 revolutions per minute uses a mixturo of air to potrol by 
weight of 13*5 to 1. Assuming that tho air drawn into the cylinder per stroke 
and measured at atmospheric pressure and 80° C. is equal to Jths of the swept 
cylinder volume, and that the thermal efficiency of tho engine is 22 per cont, 
find the power developed at ground level where the barometer reads 30 in. 
of mercury. The calorific value of tho petrol is 9,000 C.H.U. per lb. 

What would be the power developed at an altitude of 5,000 ft. ? A drop of 
1 in. in barometric reading may be assumed for each 900 ft. rise in altitude. 

(IJ.L., Ii.Sc. (Eng.), 1934.) 

12. Show by means of curves tho general manner in which the powor and 
efficiency of a petrol engine vary with the mixture strength, and indicate the 
reasons for theso variations. 

A four-cylinder petrol engine has cylinders 2-48 in. diameter by 4*72 in. 
stroke and runs at 1,000 r.p.in. The petrol consumption is 7 lb. per hour, and 
tho volumetric efficiency of tho engine may bo takon as 80 per cont. Find the 
percentage by which the mixture is stronger or weaker than the theoretical 
mixture, assuming that tho petrol has the follow ing composition (by w'eight): 
H 15 per cent, C 85 per cent. Air contains 23 per cent of oxygen by weight, 
and the volume of I lb. of air in tho condition undor which tho volumetric 
efficiency is given is 13 cu. ft. (I.Mech.E., 1928.) 

13. Describe the difficulties that are encountered in obtaining indicator 
diagrams from high-speed internal combustion engines. 

A four-cylinder petrol engine is coupled to a brake having an effective radius 
of 1*90 ft. When running at 1,600 r.p.m. the brake load was 27-1 lb. Whon the 
sparking plug of each cylinder was short-circuited in turn, and tho load 
adjusted to bring the speed to the same value, the brake loads were 18-2, 18*9, 
17*7 and 19*6 lb. respectively. Estimate tho indicated horse-power of the 
engine and the mechanical efficiency, and comment upon tho method. 

(I.Mech.E., 1932.) 

14. A trial of an internal combustion engine, during one hour, gave the 
following results : indicated horse-power, 24*7 ; brake horse power, 20-5 ; 
total oil fuel used, 1-35 gallon of specific gravity 0*750, and lower calorilic value 
18,700 B.Th.U. per lb. ; total cooling jacket water, 523 lb., of temperature at 
inlet 60° F. and at exit 150° F. The exhaust gases leaving the cylinder were 
passed through an exhaust calorimeter, raising 9231b. of water from 60* F. 
to 140* F. 

Calculate (a) tho mechanical and (6) thermal efficiencies of the engine, and 
draw up a heat balance sheet for tho engine, showing the distribution of heat 
in B.Th.U. per minute. 

15. A gas engine, working on tho four-stroke constant volume cycle, gave 
the following results when loaded by a friction brake during a test of 1 hour 
duration: cylinder diameter, 9*5 in. ; stroko, 19 in. ; clearance volume, 
272 cu. in. ; effective circumference of brake wheel, 12*8 ft. ; net load on 
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brake, 277 lb., at average speed 226*7 r.p.m. ; average explosions per minute, 
77 ; and mean effective pressure of indicator cards, 1061b. per sq. in. Gas 
used, 455*5 cu. ft. at 15° C., and pressure 771 mm. mercury. Lower calorific 
value of gas, 329 C.H.U. per cu. ft. at N.T.P. Cooling jacket water, 1,380 lb., 
raised 34*2® C. 

Calculate, (a) the indicated horse-power ; (b) brake horse-power; (c) the 
mechanical efficiency and indicated thormal efficiency ; (d) the ideal air cycle 
efficiency (y — 1*4) and efficiency ratio ; and (e) give the heat balance for this 
engino per minute. 

16. The exhaust gas from a gas engino passes through a waste-heat boiler 
installed for the purpose of providing a supply of hot water. The water 
initially at 50° F. passes first through the engine jackets, and then through 
the waste-heat boiler. The engine develops 400 B.H.P., and consumes 18 cu. 
ft. of gas per B.H.P. per hour, the gross calorific value being 500 B.T.U. per 
cu. ft., both moasured undor the same conditions of temperature and 
prossure. It may be assumed that 25 per cent of the heat supplied is transferred 
to the water in the jackets, that the loss by radiation is 5 per cent, and that 
60 per cent of the heat in the exhaust gas is recovered by the waste-heat 
boiler. If the quantity of water supplied is 1,200 gallons per minute, find the 
temperature at which the water will leave the waste-heat boiler. 

( I.Mich.E 1932.) 

17. In a jet propulsion unit, air is compressed by means of an uncooled 
rotary compressor, the pressure at delivery being 3| times that at entrance, 
and the temperaturo rise during compression is 115 times that for frictionless 
adiabatic compression. The air is then led to a combustion chamber whore the 
fuel is burned undor constant pressure conditions. The products of com¬ 
bustion at 900° F. pass through a turbine which drives the compre&sor. The 
exhaust gases from the turbine are expanded in a nozzle down to atmospheric 
pressure. The atmospheric pressure is 14*7 lb. per sq. in. abs., and the tem- 
]>oraturo is 50° F. 

Assuming that the values of R and y after combustion remain the same as 
for air, estimate (a) the power required to drive the compressor per lb. of air 
per second, (b) the air-fuel ratio if the calorific value of the fuel is 18,750 B.Th.U. 
per lb., and (c) the thrust dovelo]>ed per lb. of air per second. The velocity of 
approach may l>o negloctod and the gosos are expanded isent Topically in both 
the turbine and tho nozzle. 


(T.L., B.Sc. (Kng.) t 1947.) 



CHAPTER IX 

STEAM 


Properties of Steam. In steam wo have to deal with a fluid which 
may be either in the liquid or gaseous condition under normal 
conditions of temperature and pressure, and we can no longer even 
approximately apply the simple laws of perfect gases. Under 
normal equilibrium conditions, a vapour, such as steam, if in 
contact with its liquid, is said to be in a saturated condition. If the 
mixture is now heated at constant pressure, the liquid will gradually 
change into vapour, until just at the point where all the liquid has 
turned into vapour, the stuff is called dry saturated vapour. Any 
further addition of heat to the dry saturated steam will superheat it, 
and we have what is called a superheated vapour. For any particular 
pressure, there is only one temperature at which the liquid will 
change into vapour, this temperature (calk'd the saturation tempera¬ 
ture) remaining constant, provided the pressure is kept constant, so 
long as there is any liquid left. As soon as all the liquid has been 
converted into vapour, the temperature will rise with any further 
addition of heat at constant pressure. The behaviour of the 
superheated vapour will now approximate more and more to that 
of a perfect gas the higher the temperature is removed from the 
saturation temperature corresponding to the pressure to which the 
vapour is subjected. 

Wc have to consider the production of steam from water, but it 
may be mentioned that the general principles which will be applied 
to steam can be applied to other fluids with which we have to deal 
in both the liquid and vapour conditions, as in refrigeration. 

In steam we are by no means dealing with a perfect gas, and 
therefore the simple characteristic equation 

PV = RT 

does not apply. 

Various characteristic equations have been formulated to express 
the properties of a fluid in any state, none of which are applicable 
over an unlimited range of temperature and pressure. The subject 
is beyond the scope of this work, and it must suffice to mention the 
characteristic equation given above (p. 07) as formulated by 
Callendar, which may be written 



+ b - c 


where R and b are constants and c is a function of the temperature ; 
and V = volume in cubic feet per pound ; P = pressure in pounds 
per square foot; T = absolute temperaturo in degrees C. 

370 
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The properties of steam which have been calculated by Callendar 
are embodied in his Steam Tables, excerpts from which are included 
at the end of this volume.* If values from these tables are com¬ 
pared with those of other authorities, such as the Marks and Davis, 
or the Peabody Tables, discrepancies will be found. It may be 
pointed out, however, that any such tables must be calculated from 
empirical formulae based on experimental results, and it is found 
that the Callendar Tables are not only in good agreement with 
modem research, but also give values which are mutually consistent 
among themselves. 

Relation of Pressure and Temperature in Saturated Steam. The 

temperature at which a liquid is converted into vapour by the 
addition of heat depends on the pressure to which the fluid is 
subjected, and the liquid boils when heated to the saturation tem¬ 
perature corresponding to the external pressure to which it is 
subjected. Regnault carried out classical investigations on the 
relation between temperature and pressure, when water was being 
converted into steam. The values determined, up to a temperature 
of 220° C., agree within narrow limits with those of later experi¬ 
menters. Modem applications, however, require values at higher 
temperatures, and a considerable amount of work has been carried 
out since Regnault’s time, culminating in that of Callendar, who 
has determined the corresponding values of saturation temperature 
and pressure from his characteristic equation for steam. These 
values are given in the first two columns of the Steam Tables. 
Thus, in Table I, (p. 634) at a pressure of 14-689 lb. per sq. in. absolute, 
water boils at a temperature of 100° C., while at 100 lb. per sq. in. 
absolute, water boils at 164-28° C. 

Various attempts have been made from time to time to formulate 
an empirical formula expressing the relation between temperature 
and pressure for saturated steam. An empirical formula being 
based on experimental results, its justification is that it gives values 
consistent with those results. A formula given by Callendar, con¬ 
sistent with his characteristic equation, is 

logp = 2107449 - - 4-71734 log T + 0-4057(c - 6) | 

where p = saturation pressure in pounds per square inch, T = ab¬ 
solute saturation temperature C., and 6 and c have the values given 
above (p. 98). This formula is somewhat cumbersome and, for 
elementary purposes, intermediate values not given in the tables 
may be obtained by direct interpolation. 

The Specific Volume of steam. Direct experimental determina¬ 
tion of the volume per unit mass of dry saturated steam is difficult, 

* Abridged Callendar Steam Tables in Centigrade and Fahrenheit units are 
published by Edward Arnold and Co. It should bo noted that answers to 
numerical examples will vary with the particular table used. 
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although a certain number of measurements have been carried out, 
the best known being those of Knoblauch, Linde, and Klebe. 
Values of F to for the Steam Tables are more easily found by 
calculation from experimental values of other properties, the direct 
experimental results serving as a check on these values with which 
they are in very close agreement. 

The specific volume of dry saturated steam may be found from 
Clapeyron’s equation (p. 119), 


y — y + J ±«L 
sa T 'dP 


dT . 


where g --p is the rate of change of saturation temperature with 


pressure at the absolute temperature T ; and V w is the specific 
volume of water at temperature 7\ and L is the latent heat. 

Various empirical formulae expressing the relation between the 
specific volume of dry steam and the saturation pressure have been 
put forward, among which are Rankine’s formula 

PV ta lt] = constant 

and Mollier’s formula, deduced from Callendar’s equation, 

16 

pF. a l5 = 490 

where p is in pounds per square inch, and F fa isin cubic feet per pound. 

The specific volume of steam, either dry, saturated, or super¬ 
heated, may be calculated from the Callcndar characteristic equation 
T 7373-1\ 12 

V= 154 168 p - 0-4213 ( ) 3 + 0-01602 (seep. 99) 

where T is in Centigrade absolute and P is in pounds per square foot. 

Latent Heat. In the formation of steam from 1 lb. of water at 
0° C. under constant atmospheric pressure of 14*689 lb. per sq. in., 
as heat is given to the water the temperature rises gradually to 
100 ° C. According to the usual definition of the pound calorie, the 
heat necessary to raise the temperature to 100° C. would be 100 
calories. When the temperature has reached 100° C. it remains 
stationary, any further addition of heat converting the water, at 
100° C., into steam at 100° C. The amount of heat necessary to 
just change the 1 lb. of water at 100° C. into steam at 100° C. is 
called the “ latent heat ” at 100° C. 

If steam is to be formed at any other pressure P, the water must 
first be heated to the corresponding saturation temperature T. 
When the water is at this temperature, then any further addition 
of heat will change the water into steam at the same temperature. 
The values of the latent heat at various pressures are given in 
Table I of the Steam Tables. 

Formation of Steam at Constant Pressure. Lot us imagino that 
we have 1 lb. of water at 0° C. at the bottom of an upright cylinder of 
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cross-sectional area 1 sq.ft. (Fig. 129). On this water rests a f ric tionleas, 
weightless piston, the constant pressure on the top side of the piston 
being that due to normal atmospheric pressure, namely, 14-689 lb. 
per sq. in. By definition (p. 52) the total heat of this water is 


E 0 + APV„ = 0 + 


144 X 14-689 X 0-01602 
1,400 


= 0-0242 calories (approximately) 

E 0 is really not quite zero, as the pressure is not the vapour 
pressure at 0° C., but the increased pressure has no appreciable 
effect on E 0 . 

Let the water now be given a quantity of heat Q calories, which 
changes the temperature of the water from 0° C. to 100° C., the 
pressure above the piston remaining the 
same throughout, and the water expanding 


from F 0 to F 100 . The total heat of the 
water will now be A 100 = E l00 + APV 100 . 

As the heat has been taken in at constant 
pressure, then from page 54, 

Q — Koo-ho 

= E l00 + APV 100 -(E 0 + APV 0 ) 

— ^ioo ~ "h AP( F 100 - F 0 ) 

Now as the area of the piston is 1 sq. ft., 


it wall riso a distance F 100 - F 0 , duo to 
the expansion of the water, and therefore 
AP(V X 


7 4-689 
lbs. per 
sq. inch. 


Vo) 


is the external work done 


T 


Mb. 

Water. 


by the water expanding when taking in the 
quantity of heat Q. This external work is 


Area = 1 sq. foot . 
Fio. 129 


equal to 


144 x 14-689 (0 01671 -0 01602) 
1,400 


= 0-00105 calories, which 


is negligible compared with Q. Thus practically the whole of Q 
goes to increase the internal energy of the water. It will be noticed 
that the equation Q — (E lQQ - E 0 ) + AP( F l00 - F 0 ) directly follows 
from the energy law dQ = dE + dW } for E l00 -E 0 is the increase 
in internal energy and AP(V 100 - F 0 ) is the external work done. 

At the point where the water is at a teraporaturo of just 100° C., 
we have the total heat of the wate r A 100 = Q + h 0 = Q + APV^, if 
E 0 is taken as zero. Any further addition of heat will now gradually 
change the water at 100° C. into steam at 100° C. In order to just 
change all the water at 100° C. into dry saturated steam at 100° C. 
wo must give a quantity of heat, L, to the water, L being the latent 
heat at 100° C. = 539*3 calories. 

The total heat of the dry saturated steam # 100 = A 100 + L, as the 
heat has been taken in at constant pressure, and hence the change 
in total heat is equivalent to the heat taken in. During the forma¬ 
tion of the steam from the water, the piston will rise a distance 
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<P„- Fioo) where V ta is the specific volume of dry saturated steam 
at 100° C., namely, 26*788 cu. ft. per lb. 

Thus the part of the latent heat L which is used up in doing the 
external work due to the expansion of the water at 100° C. into 
steam at 100° C. equals AP(V aa - F 100 ) 

144 X 14*689 (26*788-0-01671) . . 

=x -- - = 40*45 calories 

1 

It will be noticed that the volume of the water is practically 
negligible compared to the volume of the steam, and hence it can 
be neglected in elementary calculations. The increase in internal 
energy of the stuff as it changes from water at 100° C. to dry steam 
at 100° C. is, therefore, 539*3 - 40*45 = 498*85 calories. 

If dry saturated steam is to be formed at any other constant 
pressure from water at 0° C., then the above calculations still hold 
if the values for V and L, corresponding to the pressure under 
which the steam is being formed, are taken. 

Thus, if F 0 = Specific volume of water at 0° C, 

V w = Specific volume of water at saturation temperature 
corresponding to the pressure P at which steam 
is to bo formed, 

V aa = Specific volume of dry saturated steam at pressure P, 
E 0 == Internal energy of water at 0° C, 

E w = Internal energy of water at saturation temperature, 
E sa = Internal energy of dry saturated steam, 

L — Latent heat of steam at pressure P, 
h = Total heat of water at saturation temperature, 

H $a = Total heat of dry saturated steam, 

we have, from the fact that heat taken in at constant pressure is 
equivalent to the chango in total heat, and also from the basic 
energy law, 

E. + APV. =M 

(E w -E 9 ) + AP(V w -V 0 ) =q ) =//,„ 

(E, a -E v )-j- AP(V, a -VJ= L 

Also from the definition of total heat, 


H 


fa 


AP V, a = AP(V, a -V„) + AP(V„- V 0 ) + APV 9 
E,a=(E. tt -EJ + (E v -E 0 ) + E, 


We see that the total heat of dry saturated steam H ia =» h + L, 
where h is the total heat of the liquid at saturation temperature and 
pressure, and L is the latent heat of steam at the saturation pressure. 
It should be noticed that by our definition the total heat of dry 
steam is not the latent heat plus the heat given to the water while 
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its temperature rises from 0° C. to the saturation temperature. 
It is made up of these two quantities together with the term APV 0 , 
although this term for normal pressures is small compared with 
the values of Q and L. 

Specific Heat of Water and the Mean Thermal Unit.* The variation 
of specific heat of water with temperature, as determined by 
Callcndar and Barnes, is shown above in Fig. 20 (p. 44). Hence 
the heat taken in by water while being raised from temperature 
t x to temperature t 2 is not exactly equal to (t x - 1 2 ). The mini¬ 
mum specific heat is now taken as 0-99666 and it has this value at a 
temperature of 37*5° C. Owing to this variation of specific heat, it 
has been found convenient to formulate a mean thermal unit. The 
mean pound calorie may be defined as the one-hundredth part of 
the amount of heat necessary to raise the temperature of 1 lb. of 
water from 0° to 100° C. under a constant pressure of 1 standard 
atmosphere. 

In view of the fact that the heat is assumed to be taken in at 
constant pressure , this unit may also be defined as the one-hundredth 
part of the change of the total heat of 1 lb. of water when heated 
from 0° to 100° C., under constant pressure of 1 standard atmosphere. 
By this definition, if the total heat of water at 100° C. under a 
pressure of 1 standard atmosphere (14-689 lb. per sq. in., London) is 
taken as 100 lb. calories, then water would have zero total heat at 
0° C. and under a pressure of 14-689 lb. per sq. in. But from the 
last paragraph we see that, by the definition, the total heat of this 
water will be equal to 


AP\\ 


144 X 14-689 X 0-01602 
1,400 


0-0242 calorie 


Callendar therefore defines the mean pound calorie as the one- 
hundredth part of the change in total heat of water between 0° C. 
and 100° C., when the water is heated under the varying pressure of 
its own vapour only . 

By the first definition we have 

100 = Ei oo + ^oo^ioo-(^o AP ioo^o) 

By Callendar’8 definition, 


100 — E ioo + ^FioqFioo- (E 0 + AP 0 Fo) 

Callendar’s definition therefore exceeds the usual definition by 
Al A „ /n D , T7 144(14-689-0-0892)001602 

the term A (P 100 - P 0 ) F 0 =- ^~400 - 

= 0 024 lb. calorie 


This difference between the usual definition and the Callendar 
definition of the mean unit of heat, namely, 0 024 lb. calorie in 
100 lb. calories, is beyond the limit of experimental accuracy in the 
* Seo “The Heat Unit’* by Dr. Kzer Griffiths, Proc. Inst. Mech. Eng., 1951, 
Vol. 104, p. 215. 



382 


APPLIED THERMODYNAMICS 


determination of the heat unit, and hence, at the expense of this 
error, we have the convenience that the total heat of water 4t 0° 
and 100° C., is zero and 100 lb. calorics respectively. 

Formation of Superheated Steam at Constant Pressure. If dry 
saturated steam takes in heat at constant pressure the temperature 
will rise and the steam will become superheated. If the specific 
heat C p of steam were constant for all temperatures and pressures, 
then the heat taken in would be C v (t 9U - f fo ), where t gu is the tem¬ 
perature to which the steam is superheated and t ia is the saturation 
temperature corresponding to the pressure at which the steam is being 
heated. The specific heat of superheated steam, however, falls with rise 
of temperature and rises with rise of pressure, as shown in Fig. 130. 

An approximate value of the heat taken in may bo found by 
putting for C v in the above expression the mean value between the 

temperatures of saturation and 



Temperature. 
Fig. 130 


superheat for the particular pres¬ 
sure in question. The required 
values of C v may be found from 
a chart or from tables. Thus, 


if dry saturated steam at an 
absolute pressure of 100 lb. per 
sq. in. (saturated temperature 
164-28° C.) be superheated to 
300° C., the mean specific heat 


... . 0-562 + 0-504 

will be --- 


0533. 


The heat taken in while super¬ 
heating 1 lb. of dry saturated steam by this amount will therefore 
be approximately 0-533(300 - 164-28) = 72-34 lb. calories. 

As the heat taken in by a fluid at constant pressure is equal to 
the change in total heat of a fluid, an approximate expression for 
the change of total heat of a fluid while being heated from the dry 
saturated state is C v (t au - t aa ). Hence the total heat of superheated 
steam is approximately H $u — h + L -f* C v (t m -t 8a ). More exact 
values of H tu are given in the steam tables (Table III), and hence the 
amount of heat Q z taken in during the superheating from the dry 
state may be calculated from the equation Q 2 — H tu -II 9a . For 
example, the amount of superheat in steam at 1001b. per sq. in. 
and 300° C. is t 9U - t ta = 300 - 164-28 = 135-72° C. Hence, from 
Table III, the total heat 7/ lv is, by interpolation, 733-15 calories, 
while the total heat of dry saturated steam at the same pressure is 
661*83. Hence the heat taken in during the superheating is 
733-15 - 661-83 = 71-32 lb. calories per lb. 

The heat Q 2 is used in raising the internal energy of the steam, 
and also in doing external work as the steam expands. The 
external work done will be AP(V 9U - V m ) where V 9U is the specific 
volume of the superheated steam. The volume of 1 lb. of 
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superheated steam at 100 lb. per sq. in. and 300° C. is 6-053 cu. ft. 
(Table C). The external work done in the above example is 

therefore — — = 16-47 lb. calories per lb. 

1,400 

The change in internal energy will therefore be 71 -32 - 16*47 = 54*85 
lb. calories per lb. 

The mean specific heat of superheated steam can be obtained 
from Table III. Thus, suppose the specific heat of steam at 100 lb. 
per sq. in. superheated 20° 0. above the saturation temperature is 
required. The total heat of dry saturated steam at 1001b. per 
sq. in. = H sa = 661*83 lb. calories; .while the total heat of the 
steam if at 100 lb. per sq. in. and superheated 40° C. = H iu = 683*70 
lb. calorics. Hence, as heat taken in at constant pressure is 
measured by the change in total heat, the mean specific heat 


//,„ - IK 


40 


683*70-601*83 
40 


0*547 


This is, therefore, the approximate value of the specific heat 
of su]x*rheated steam at 100 lb. per sq. in. pressure, and at a 
temperature of 164-28 + 20 = 184*28° C. 

Empirical Formulae for Total Heat. The formula used by 
Callendar to represent the total heat of water is 

V w 

h = st -j- Ij t } — 0*003 

' ta ~ ' w 

v 

The constant 0*003 is the value of the term L j? —at 0 ° C., 
594*27 x 0*01602 *•« ~ * w 

namely, ^ 0759 —(HUGO 5 *"’ ^ encc ^ ormu ^ a zero value for 

h at 0 ° C. For particulars as to derivation of this formula, reference 
should be made to Professor H. L. Callendar’s work.* 

An oft-quoted formula for dry saturated steam is that of Regnault 

H sa = 606*5 + 0*305/ calories 
where t is the temperature in degrees Ce ntigrade. 

This equation, however, while giving a fair value between 100° C. 
and 200° C., is inconsistent below about 100 ° C., and is more or 
less useless for exact calculations. 

The formula! of Professor E. H. Griffiths for saturated steam at 
t° C. 

II ta = 596*73 + 0*4 (° 

agrees more closely with the results of experiment, taking the thermal 
unit at 15° C. ; and with Joly’s determinations gives consistent 
results. 


* Properties of Steam and Thermodynamic Theoiy of Turbines , by H. L. 
C&llendnr. 

t Phil . Trans. Vol. CLXXXVI, 1895, p. 319 ; and Proc. Phy. Soc . 26, 
1913. 
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A formula given by Callendar for steam either dry or superheated 
/13 \ 144 

H = 0-4772T -lye- 0 0161 x ^ p + 464 calories 


= 0-4772T 


(c - 0 0037) 
“2-2436 


p + 464’ 


where p is in pounds per square inch. 

From this equation a value for H in terms of pressure and volume 
can be derived, 

„ (F to -0-0123) , . * 

H, a = P - 2-2436 -+ 464 calone9 ' 

By inverting this formula a convenient expression for the specific 
volume of dry steam is obtained, 

F„ = 2 ~— 36(/ ^ ,a ~ 4G4 - -f- 00123 cu. ft.* 

(See Examples, pp. 99-101)). 

Entropy of Water. The increase of entropy of a fluid when 
taking in a quantity of heat dQ in a reversible manner at a constant 

absolute temperature T, is measured by d<f> =^y . If the heat is 

taken in at a temperature varying from T x to l\ y then the change 
of entropy is 

J7i 

When heat is taken in at constant pressure 

. . r T *dQ C T 'CJT 


, , _r T * dQ rtcjTi 

) Ti t-J Ti t 


where C v is the specific heat of the fluid at constant pressure. If 
C 9 is assumed constant for all temperatures, this quantity reduces to 

„ r. dT „ , r 2 

Jr T ~~ 1\ 

Entropy is generally taken as zero for a fluid in the liquid state 
at 0° C. Hence, taking the specific heat of water as constant and 
equal to unity, the entropy of 1 lb. of water <f> w at absolute tem¬ 
perature T is approximately log fi (77273). The change in entropy while 
heating 1 lb. of water from T x to T 2 will bo \og e T 2 !T v 

Values of entropy of water measured from 0° C. arc given in 
Table I of the Steam Tables. 

Entropy of steam. When 1 lb. of water at tho saturation tem¬ 
perature is changed into 1 lb. of dry saturated steam, the latent 

• These equations have been slightly modified in the Callondar Steam 
Tables (Edward Arnold & Co.), revised by G. S. Callendar. 
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heat L is taken in at the constant saturation temperature T ta . 
Hence the change of entropy in evaporating 1 lb. of water at T ga 

to 1 lb. of dry saturated steam is This quantity is sometimes 

■* sa 

called the “ entropy of evaporation.” The entropy of dry saturated 

L TL 

steam is therefore <j>, a = + jjr = 'oge 273 + a PP rox - 


Suppose the 1 lb. of dry saturated steam is now superheated at 
constant pressure to a temperature T su . The increase of entropy 
during superheating will be 



c 9 dr 

" T 


As has already been pointed out, the specific heat for superheated 
steam is by no means constant, but a fairly approximate value for 
the increase of entropy may be obtained by taking for the value of 
C 9 the mean value between the temperature of saturation and 
superheat. With this assumption 


4>su - <f>» 


c, loge^s 

* ia 


and the entropy of superheated steam at a temperature T $u may be 
written 


T L T 

<!>.» = log* ^‘3 + + C„ log* approx. 


Values of entropy of dry saturated steam are given in Table I, 
and values of entropy of superheated steam are given in Table IV 
of the Steam Tables. 

Wet Steam. When steam vapour is in contact with water it is 
said to be wot. The dryness fraction of steam is measured by the 
proportion of the stuff which consists of steam vapour. Thus, 1 lb. 
of steam of 0*9 dryness fraction would contain 0-9 lb. steam vapour 
and 0-1 lb. w’ater, all, of course, at the same temperature. From 
this it follow's that to produce 1 lb. of steam, of dryness fraction 
say 0-9, from 1 lb. water at the temperature of saturation corre¬ 
sponding to the external pressure, the heat required W'ould be 0-9 L, 
w r hen L is the latent heat of steam at the pressure considered. 
Hence the total heat of wet steam is 


H x ~ h -f xL 

where x is the dryness fraction and h is the total heat of the water 
at the saturation temperature. 

As H ta = h + L and H x = h + xL 

then * L H, a ~h 

an expression for dryness fraction in terms of total heat. 
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The specific volume of wet steam must obviously be 

zV*a + (1 -*)Vw 

As the specific volume V w of the water is small compared with the 
specific volume of steam, it is for elementary purposes generally 
sufficiently accurate in the case of nearly dry steam to take the 
specific volume of wet steam as equal to xV $a . 

In the formation of 1 lb. of wet steam of dryness fraction x, the 
heat taken in is xL y and hence the entropy of 1 lb. of wet steam will 

be <f> x = <£«, + m • 

1 sa 

As <f> ga = (f) w “1“ , <f> x ~ 4**° 4" m ~ = 4*9(1 ~ (1 ~ x ) m ■ 

1 sa 1 sa ± sa 

From these equations, remembering that H x = A -f- xL, we get 

Yx Yv m 

1 sa 

i II Hsa ~ H x 

and <p ta — <p x 



Fio. 131. Simple Temperature-entiiopv Diaoram for Steam 

The Temperature-Entropy Diagram for Steam. In tins diagram 
values of entropy for 1 lb. of fluid are plotted horizontally and 
values of temperature vertically. If the values of entropy of 1 lb. 
of water at various temperatures are plotted against the corre¬ 
sponding temperatures, the line A B (water line), Fig. 131, is obtained. 
In the same way : plotting corresponding values of entropy and 
temperature for dry saturated steam will produce the line CD 
(saturation line). These two lines merge into one another at E y the 
temperature of which is the critical temperature for steam (365° C.). 
Charts for ordinary practical purposes, however, are not carried up 
as far as this point. In the absence of tables, the approximate value 
of <f> at any point B on the water line at an absolute temperature T 

T 

can be calculated from the expression log e 
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If water at T° is heated at constant pressure it gradually changes 
into steam at the same temperature, and attains a dry saturated 
condition when it has received a quantity of heat L , its entropy 

increasing by the amount Hence the horizontal line BC of 

length — represents the conversion of water into steam at constant 

pressure, the point B representing 1 lb. of water and C 1 lb. of dry 
steam, any intermediate point representing wet steam. Thus at 
F y half-way between B and C t the difference in entropy between 

F and B is the heat given to the water in passing from B to C 


is \L t and the dryness fraction is 0-5. Thus, by dividing the line 
BC into, say, 10 equal parts, the various points so obtained will 
represent steam of dryness fractions varying by one-tenth. A little 
thought will show that the dryness fraction at any point K will be 


measured by the ratio 


BK 

BC' 


If the dry saturated steam at the point C is heated at constant 
pressure it becomes superheated to some temperature T $u . The 
actual value of the entropy of superheated steam at the tem¬ 
perature T tu and pressure P y can be obtained from the steam tables 
and hence various points on the constant pressure line CG may be 
found. An approximate value of the change in entropy as the fluid 
passes along the constant pressure line from G to Q can be calculated 
from the expression 


y 

< f >0 - < f>c = ^tu - rjr ~ 

■* «a 


By drawing constant pressure lines such as BCG for various 
pressures, then dividing each horizontal portion between the 
boundary curves into 10 equal portions, and joining correspondingly 
numbered points, we can obtain constant quality lines as shown in 
Fig. 131. 

Constant volume lines may be 
drawn on the chart in the following 
manner— 

At a pressure of 152 lb. per sq. 
in., the volume of 1 lb. of dry 
saturated steam is practically 3cu. 
ft. If A By Fig. 132, is therefore 
the 152 lb. per sq. in. pressure line, 
the specific volume of the fluid at 
the point B is 3 cu. ft. Neglect¬ 
ing the volume of the water compared with that of the steam, the 
volume of the fluid at the point A may be taken as zero. Now, 
in passing from A to £, the volume of the fluid increases as steam 




388 


APPLIED THERMODYNAMICS 


is formed, in proportion to the heat taken in, and hence in pro¬ 
portion to the increase of entropy. Hence, if AB is divided into 
three equal parts, points corresponding to volumes of 1 and 2cu. 
ft. are obtained. At 89 lb. per sq. in. the specific volume of dry 
steam is practically 5 cu. ft. Hence, if CD is the 89 lb per sq. 
in. constant pressure line, and it is divided into 5 equal parts, points 
representing volumes from 1 to 5 are obtained. By proceeding in 
the same way for other pressures and joining correspondingly 
numbered points, the various constant volume lines may be 
obtained. It must be remembered that if exact conditions are 


required, the volume of the water must be taken into account, 
although this correction is very small under normal conditions. 

On a temperature-entropy chart (Fig. 254), it will be seen that for 
any point between the boundary lines the fluid is wet steam, and 
its dryness fraction, pressure, temperature, specific volume, and 



Fio. 133 


entropy may be read directly, 
Points to the right of the satura¬ 
tion line represent superheated 
steam, and pressure, temperature 
and entropy may be read off the 
chart directly. 

Points to the left of the water 
line represent water. If any con¬ 
stant pressure line such as GCB is 
produced into the water area it 
will come down some such curve 


at BM , Fig. 131. Owing to the incompressibility of water, how¬ 
ever, these constant pressure curves in the water region are practi¬ 
cally indistinguishable from the water curve AB, so that, for all 
practical purposes, in heating water from one temperature to 
another at constant pressure we can assume we pass along the 
curve AB. 


Let us now consider what the various areas on the chart represent. 
It will be remembered that areas under a temperature-entropy 
curve represent the heat taken in or given out as the state of the 
substance passes along the curve (p. 124). 

Thus, in Fig. 133, the area A BCD represents the heat necessary 
to change 1 lb. of water from the state A to the state B . If A 
corresponds to a temperature T 2 and B to a temperature T v then 
the area ABCD practically represents the heat necessary to raise 
the temperature of 1 lb. of water from to T v If the heating is 
carried out at constant pressure this is equal to h x - h t where 
h ! and h 2 are the values of the total heat of water at T x and 
T t respectively, the pressure being the same in each case. 
Hence area ABCD = h x - k 2 - Neglecting the variation in the 
specific heat of water, this may be taken as approximately equal 

toi^-ZY 
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The area BEFC will represent the heat necessary to convert 1 lb. 
of water at T x to 1 lb. of dry saturated steam at the same tem¬ 
perature. This quantity is, of course, L v This also follows from 
the fact that 

BEFC = BE x EF = ^ x J 1 , = L, 


It may also be noted that AH is the increase of entropy of water 

T 

when it is heated from T 2 to T v Hence AH = logs tw approxi- 

r • 


T L 

mately, and therefore AK = AH + HK = logs 7 f r + ttt* 

** 2 1 

The Total Heat-Entropy Diagram for Steam (Mollier Chart). 
Fig. 134 shows a //-<£ chart devised by Mollier, in which total heat 



Fig. 134. Elementary Heat-Entropy Diagram for Steam 


is plotted vertically and entropy horizontally. The water and 
saturation curves can be plotted directly from the tables, the two 
portions really forming one curve if plotted far enough. Within 
the wet region, between the two boundary curves, any point A y 
corresponding to a saturation pressure p and dryness fraction x, 
can be determined from the expressions 

H x = h + xL 
xL 

9 x = 9 \c + ■y 


By joining up points of corresponding dryness fraction, the constant 
quality lines are obtained, while a constant pressure line passes 
through all points representing the same pressure. 

The slope of a constant pressuro line is obviously measured by 


dH 

• Now it has been shown (p. 54) that when heat is taken in by a 
fluid at constant pressure, the heat taken in is equivalent to the change 
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of total heat of the fluid. Hence ^ = T b y the definition 

of entropy. Therefore the slope of a constant pressure line at any 
point measures the temperature at that point. In the wet region, 
as water changes to steam at constant pressure, the temperature 
remains constant until the fluid becomes dry steam. Constant 
pressure lines in the wet region are therefore straight, and their 
slope measures the saturation temperature corresponding to the 
pressure. 

To the right of the saturation line is the superheated region. 
Any such point as B at a temperature T 9U and pressure P can be 

plotted from the tables of 
?! J total heat and entropy for 

jg \y 'db superheated steam. In the 

| absence of such tables, 

Dry ^ W 9 ^^ approximate values may be 
Region. ^ % obtained from the equations 

s + c . ^ T f 

x / ta 

s' ^ By joining up points of 

^ I s corresponding temperatures 

^ ^ . and corresponding pressures 

^ Wet ^ ^ Region, respectively, constant tem- 

0 ^ g perature and constant pres¬ 
s' § <3 sure lines are obtained. 

_ C °J c/ " _It should be noticed that, 

Pressure. as an adiabatic expansion 

Temperature. of a fluid is one in which 

Fio. 135, Elementary Callendar the entropy remains con- 
Steam Chart stant, adiabatics on this 


Dry 

Region. 

-Assistant 

Tem Pe^uZ, 


v£> yV 


'5^ r$t 


<bkj <*>. 

M t- 


Region. 


Pressure. 

Tempera cure. 

Fio. 135, Elementary Callendar 
Steam Chart 


chart, as well as on the temperature entropy chart, are vertical 
straight lines. 

Only the region round the saturation curve is included in an 
H-<f> chart, as this is all that is necessary for practical purposes, 
the very wet region not being often required.* 

The Callendar Steam Chart. In this diagram* pressure is plotted 
horizontally, not on a linear scale but to a logarithmic scale, and 
total heat is plotted vertically to the usual linear scale. Alongside 
the pressure scale is the corresponding saturation temperature 
scale, the temperatures on this scale being the saturation tem¬ 
peratures at the pressures coinciding on the pressure scale. By the 
use of the logarithmic scale, equal horizontal intervals on the 
diagram represent equal ratios of pressures, a great convenience in 


* The “ Callendar Steam Diagram,” and the 44 chart,” published by 
Messrs. Edward Arnold Sc Co,, London, can be purchased separately. 
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practice. The diagram also gives a more open scale for pressure 
than is the case in the Mollier diagram. 

For the sake of clearness, one line of each type included in this 
diagram is shown in Fig. 135. The saturation line with the wet 
region below and the superheated region above is nearly straight, 
and slightly inclined to the horizontal, the constant quality lines 
running below and more or less parallel to it. Constant pressure 
lines are obviously vertical straight lines through the diagram. 
As water changes into steam at constant temperature if the pressure 
is kept constant, the constant temperature lines in the wet region 
will also be vertical straight lines. They become slightly curved 
in the superheated region and run nearly horizontal, any such 
constant temperature line in the superheated region, of course, 
starting on the saturation line at a point vertically above where 
its particular temperature is indicated on the horizontal tem¬ 
perature scale. The constant volume lines are slightly curved and 
change their direction at the saturation line. The adiabatics or 
lines of constant entropy are curved and run down from right to 
left. 

Interpolation can bo easily carried out by the use of scales. 
Logarithmic scales are required for interpolating between the 
pressure lines and also between the volume lines. For inter¬ 
polating between the adiabatic lines, a curved paper template may 
be used. It will be found that these curves are not all of the same 
curvature, but a template cut to the mean curvature of the various 
adiabatics on the chart will be found sufficiently accurate for most 
purposes. 


-/Example 1. Find the internal energy of a cubic foot of steam at 1501b. 
l>or eq. in. absolute pressure and of dryness 0-7. Calculate the change in 
internal energy if this steam is expanded until its pressure is 1 lb. per sq. in. 
absolute, (1) if the expansion is hyperbolic ; (2) if the expansion is at constant 
ontropy. ( U.L ., B.Sc . {Eng.).) 


Total heat of 1 lb. of steam at 150 lb. per sq. in. and 0*7 dryness 
fraction by Tabic I, 

H m ~h + xL= 183-59 + 0-7 X 482-9 = 521-62 lb. calories 

This value can bo taken direct from the H-<j> chart by finding the 
point where the 150 lb. per sq. in. line intersects the 0*7 dryness 
line and passing horizontally across to the total heat scale. From 
Tablo I the volume of 1 lb. of dry steam at 150 lb. per sq. in. 
= 3-041 cu. ft. = V 9a . 

The saturation temperature at 150 lb. per sq. in. = 181-31°, and 
at this temperature the volume of 1 lb. water = 0-018 approx. = I V 
,\ volume of 1 lb. of steam at 150 lb. per sq. in. of 0-7 dryness 
= zV„ + (1 -x)V w = 0-7 X 3-041 + 0-3 x 0-018- 2-1341 cu.ft. 

1 cu. ft. of this steam weighs lb. 
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H 521*62 

total heat H x = = ~203~ = 244 9 lb * calories P er - cu * ft - 

144 

internal energy E x = H x - AP X \\ = 244*9 - j-Jqq X 150 X 1 

= 244-9 - 15-43 = 229-47 lb. calories per cu. ft. 

1. Before hyperbolic (PV = constant) expansion PiV t = 150 X 1. 
after hyperbolic expansion to 1 lb. per sq. in., 

Volume V 2 = = 150 cu. ft. 


This volume is part steam and part water. 

Volume of 1 lb. dry steam at 1 lb. per sq. in. = 333*1 cu. ft. = V 8l 

Volume of water at saturated temperature corresponding to 1 lb. 
per sq. in. = 0*0161 cu. ft. 


150 = xV 9l + (1 - x)V w = 


x x 333-1 + (1 -x)0*0161 
2-13 


x = 0-96 

total heat after hyperbolic expansion 
h 4- xL 

H t = — ^ 1 ^— (from tables at 1 lb. per sq. in.) 


2*13 

38-63 + 0*96 X 573-83 
2-13 


276-76 lb. calories per cu. ft. 


This value can be obtained more quickly from the Callendar chart 
as follows. The volume after expansion is 150 cu. ft. 

the volume of 1 lb. is 150 X 2*13 = 320 cu. ft. approximately. 

The constant volume line corresponding to 320cu.ft. is found 
on the chart by interpolation. From the point of intersection of 
the line thus found with the 1 lb. per sq. in. pressure lino pass 
horizontally to the total heat scale on the left. The value of total 
heat thus obtained must be divided by 2*13. 

The internal energy E 2 = H z - AP t V a 

144 

= 276-76 X 1 X 150 

1,400 

= 276-76 - 15-43 


= 261-33 lb. calories per cu. ft. 
change in internal energy due to hyperbolic expansion 

= jE 7 2 — — 261-33 - 229-47 = 31-86 lb. calories increase 

2. The value of the total heat after expansion at constant entropy 
can be calculated or obtained direct from the H-tf> chart thus: from 
the point of intersection of the 150 lb. per sq. in. line with the 0-7 
dryness line, drop a vertical line to cut the 1 lb. per sq. in. line. 
The value of the total heat of this point read off on the H scale is 
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thus H 8 = 388*5 lb. calories per lb. The dryness fraction is 
read off the chart as 0*61. Hence the volume V z is 0*61 X 333*1 
(neglecting the volume of the water) = 203*2 cu. ft. per lb. 

internal energy E z = H z - AP Z V Z 

144 y 1 

= 3885 -M00- X 2032 
= 388*5 - 20*9 = 367*6 lb. calories per lb. 
internal energy per original cubic foot 

E a — “ 2~[3 = 172*58 lb. calories 


,\ change in internal energy due to expansion at constant entropy 

✓ = E i - E x = 229*47 - 172*58 = 56*89 lb. calories, decrease 

S/Example 2. Calculate t lie internal energy of 1 cu. ft. of steam at 1281b. 
per sq. in., absolute pressure, and having dryness 0-95. If this steam expand 
hyperbolically until it is just dry and saturated, find the final pressure of the 
steam. How much heat must bo added to the Hteam during expansion ? 

(U.L., B.Sc. (Eng.), 1925.) 

Volume of 1 lb. of dry steam at 128 lb. per sq. in. 

= 3*531 cu. ft. (from tables) 

volume of 1 lb. of this wet steam = 3*531 x 0-95 = 3*354 cu.ft. 

weight per cubic foot = — . lb. 

3*354 

Total h(»at of 1 lb. of this steam 


H x = h + xL = 176*37 + 0*95 X 488*28 

(by interpolation from tables) 

= 640*24 lb. calories per lb. 


total heat per cubic foot, H 1 


640*24 . . 

-- - -- = 191 lb. calories 
3*354 


internal energy, E x = H x - AP^y 


“ 191 -i;£>* 128x1 

= 177*8 lb. calories per cubic foot 

To find pressure P 2 after hyperbolic expansion, we have 


P X V X = 128 X 1 X 3*354 = 429, for l lb. steam 
From the tables wc have, for l lb. dry saturated steam— 


p 

V 

PV 

100 

4*451 

445*1 

70 

6*218 

435*3 

60 

8*520 

426 

40 

10*6 

420 

20 

20*08 

401*6 
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By plotting the value of PV against the corresponding value of P 
we find that PV = 429 for dry saturated steam when the pressure 
P t = 56 lb. per sq. in. 

It is interesting to compare this with the value obtained from the 
equation connecting pressure and volume for dry saturated steam, 
16 

PF 15 = 490. We also have PV = 429. 

429 16 

From these two equations, P = ^qi 5 

whence P t = 58*4 lb. per sq. in. 

At 56 lb. per sq. in. the total heat H 2 of this dry steam 
= 654-95 lb. calories per lb. 

The specific volume V 2 = 7-663 eu. ft. per lb. 

The heat added 

I* t' 2 f r a p 

Q = \ 'iE + | ’ Pdv = E t - h\ + Al\\\ log-p? 

= (H t - AP 2 r 2 ) - (//, -Al\ V x ) + -1^1 1\ log* 

= H 2 -H x + APJ\ log* since = P 2 V 2 

- 654-95 - 640-24 + ^ x 429 X 2-3 X log l0 

~ .. ..~.~.' 3*354 

= 15-3 lb calories 



Fig, 130. Adiabatic Expansion ok Steam 


The Adiabatic Expansion of Steam. The normal adiabatic expan¬ 
sion of steam is best shown by means of the temperature entropy 
chart. Let A , Fig. 136, represent the state of 1 lb. of dry saturated 
steam at pressure P x and saturation temperature T v Let this 
steam expand adiabatically to B at some lower pressure P 2 and 
temperature r l\. Since in adiabatic expansion the entropy remains 
constant, AB is a vertical straight line, the point B being in the 
wet region, thus showing that on adiabatic expansion, dry steam 

FB 

becomes wet, the dryness fraction being measured by the ratio -= 7 =. 
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In order to obtain a general expression for the dryness fraction 
after expansion, let wet steam, represented by the point C , expand 
adiabatically to D. Then, if 1 refers to the higher temperature T x 
and 2 to the lower temperature T 2 , we have 

Entropy at C = entropy at D 


4*u>i + 


*i L i 

T x 


( j ) w2 


x 2 L 2 

t 2 


Therefore 


*2 



Ti 


If the steam is originally dry, then x x = 1. 


In the absence of tables, remembering that the entropy of water 

T_ 

273 


is approximately given by log e 


*2 = 



1 „ , X l^l\ Zj 

l°ge 273+ T x ) L 2 


approximately 


It is instructive to obtain this expression direct from Fig. 136. 
The length FK represents the change of entropy as water is heated 
from T 2 at a pressure P 2 to T x at a pressure P v that is FK=<f> wl - (f> w2 . 

m. _ _FD _FK + KD _FK +EC _ 

2 FG ~ FG FG 4 

A 

In order to investigate the adiabatic expansion of superheated 
steam, let AM and GN be the constant pressure lines for pressures 
P x and P 2 respectively in the superheated region. Then, after 
expansion from some superheat temperature T suy the steam may be 
either still superheated, as in the expansion MN> just dry, or wet, 
as in the expansion QR . In order to calculate the dryness fraction 
of the point R , we have 

Entropy at Q ~ entropy at R 

<f>»u — <}>W2 + ~ni~ 

1 2 

T 

*2 = (<f>,u - <f>wi) ^ 


If we use the approximations given in a previous paragraph, wo 
have 

<f>tM = l°ge 27 "^ + jr^ + C 9 log e and = log e ^ 
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whence log* ^ ^ + C, log* ^ = log e ^ ^ 

** = jlogsyr + jr| + Cp lo g® 2 ^ |z^ 

As in the previous case, this expression may be derived direct 
from the diagram for 

FR FK +KB+ BR FK + EA + AS , 

X *~ FG~ FG ~ FG 

*°g« Tj '°8« 7^ 

= I i_ L 

T t 

If a pressure-volume curve for the adiabatic expansion of wet or 
dry saturated steam from some pressure P x is required, it may be 
obtained by calculating from the foregoing equations the dryness 
fraction x due to expansion from the pressure P x down to some lower 
pressure. The volume at this lower pressure may then be calculated 
from the equation 

V x = *V,a + (1 -x)Vw 

This may be done for expansion from the pressure P x down to 
various pressures, and hence the curve may be plotted. 

An approximation to this curve may be obtained by assuming 
that adiabatic expansion of steam follows the law PV m = a con¬ 
stant, where m can be calculated from Zouner’s equation, m = 
1-035 + 0-lx, where x is the dryness fraction at tho beginning of 
the expansion. This method will obviously be only an approxima¬ 
tion, for m depends on the value of the dryness fraction at the start 
of the expansion, and therefore curves obtained in this way starting 
at various dryness fractions will not coincide. 

A curve correct at the initial and final pressures will be obtained 
if we make P x V x m = P 2 V 2 m , whence 

log P\ + ™ Jog Vi = Jog P 2 + m log V 2 
log 1\ - log P t 
m -log V t - log F, 

In the case of the adiabatic expansion of steam which is initialy 
superheated and finally wet, we have two stages, QU and UR, 
Fig. 136. In the first stage, down to the point U where it is just 
dry, the fluid behaves more or less as a gas, and Callendar shows 
that the expansion closely follows the law 

P(V - 6) 1 * 3 = a constant 

where b = 0*016 cu. ft. per lb. and for ordinary work is negligible, 
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except for high pressures. The second stage, UR, of the expansion, 
proceeds as described above for wet steam. 

Experiments at McGill, in 1895, on the law of condensation of 
steam, led to the conclusion that, for the adiabatic expansion of 
dry steam, the law connecting pressure and temperature was 

given by -^3 = constant. 
rpl 

Now Callendar’s characteristic equation for steam can be written 

RT 1 

(V - 6 ) = -p - c, where R is a constant, and c varies as — 

Combining these two equations, we obtain for the adiabatic 
expansion of dry steam 

p 

—$ = constant; P(V - 6) 13 = constant 
(V - b) = constant ; = constant 


It may therefore be assumed that superheated steam expanding 
adiabatically closely follows these equations as long as it remains 
dry. 

VExample 3. Calculate as accurately as the steam tables permit the final 
dryness fraction of steam which lias expanded adiabatically from an initial 
state of 1001b. per sq. in. absolute and 200° C. to a pressure of 151b. per 
sq. in. absolute. The specific heat of steam at 100 lb. per sq. in. is 0*55. 

If this expansion be represented by the equation PV n — constant, what is 
tho valuo of n, satisfying initial and final conditions? 

( IJ.L ., B'Sc. {Eng.), 1925.) 


(a) Saturation temperature at 100 lb. per sq. in. 
= 104-28° C. = 437-38° C. (abs.) 


steam is superheated 200 - 164-28 = 35-72° C. 

Entropy per pound of this steam (reckoned from water at 0 ° C.) 


= * 1 


loge 273-1 + T ta + ° p loge tZ 
437-4 400-1 

2-3 lo 8 io 2731 + 437.4 + 0 55 X 2 3 '° 8 io 


473-2 

437-4 


= 1-6477 

This entropy can be obtained direct from Table IV thus— 

<f> for steam at 100 lb. per sq. in. and 30° C. of superheat = 1-6447 
^ ,, ,, ,, „ 40° C. „ = 1-6560 

Difference for 10° C. „ =0-0113 
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<f >j for steam at 100 lb. per sq. in. and 35-72° of superheat 
= 1-6447 + 0-00113 X 5-72 = 1-6512 

T L 

' Entropy after expansion = <£, = log* + x ~ 

where T t = saturation temperature at 15 lb. per sq. in. = 373-7° C. 
(abs.) 

L t — latent heat at T t = 538-95 
. 0 01 373-7 , 538-9 

•* 23 lo 8i° 273.1 + x 373.7 


But <f> t = <f> x — 1*65 ; hence x = 0*93 


This dryness fraction can be taken direct from the H-(f> chart, 
thus : from the point of intersection of the 100 lb. per sq. in. 
pressure line with the 200 ° C. temperature line in the superheated 
region, draw a vertical line to cut the 15 lb. per sq. in. line. The 
dryness fraction of the point thus obtained is then read off as 0*926. 

( 6 ) To find the value of n we first require the specific volume V l 
of superheated steam at 100 lb. per sq. in. and 200° C. This can 
be obtained from tables, V x = 4*8901 cu. ft. 

In the absence of tables it can be calculated from the Callendar 


equation, V x 


2*2436 (H -464) 

V 

2*2436 (681*4-464) 
100 


+ 0*0123 


+ 0*0123 = 4*89 cu. ft. 


The specific volume of dry steam at 15 lb. per sq. in. = 26*27 cu. ft. 
specific volume of wet steam after the adiabatic expansion 
= F, = 0*93 X 26*27 = 24*4 cu. ft. 

__ log P x - log P 2 __ log 100 - log 15 
n log F 2 - log Fj log 24*4 - log 4*89 
n = 1*183 


Supersaturated Steam. In the last paragraph wo have dealt with 
adiabatic expansion where the fluid is always in a state of equilibrium 
at any point during the expansion. As the expansion proceeds the 
steam condenses and there is always a stable mixture of steam and 
water. We have now to deal with an expansion which is adiabatic 
in the sense that no heat passes into or out of the mixture, but 
during which there is no separation of water as the expansion 
proceeds. 

As we have already seen, if a dry saturated vapour is expanded 
under adiabatic conditions, the vapour will normally condense more 
and more as the expansion proceeds. It can be shown, however, 
that if a dry saturated vapour be suddenly expanded, it may. 
continue for a time to remain in the state of a homogeneous vapour, 
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although the conditions are such that it should normally be partly 
liquid. Under these conditions, the vapour is said to be super¬ 
saturated. The matter will perhaps be made clearer by means of 
the T-<f> chart (Fig. 137). 

Consider dry saturated steam expanding adiabatically from a 
pressure P x (saturation temperature T^) to a pressure P 2 (saturation 
temperature T t ). Normal adiabatic expansion is represented by 
AB (Fig. 137), where any point on AB lower than A lies in the wet 
region, the dryness fraction at any point G of the expansion being 
FG 

measured by yy. 

Now, if the expansion proceeds under supersaturated conditions, 
we may look on the saturation line AD, that is, the boundary line 



between the wet and superheated regions, as not being in existence. 
If, therefore, DE is the continuation of the constant pressure line 
MD, supersaturated expansion will proceed from A to C, where 
DC is the continuation of the constant pressure line ED, into what 
is normally the wet region. Thus, while AB represents normal 
equilibrium adiabatic expansion from pressure P 1 to P 2 , AC 
represents supersaturated expansion from pressure P 1 to P 2 . 
It will bo noticed that the teni|>erature at C, after super¬ 
saturated expansion, is lower than the saturation temperature P 2 , 
corresponding to the pressure P 2 , that is, the supersaturated vapour 
is said to be supercooled or under cooled. 

In this supersaturated condition, the density at any pressure is 
higher than the density of saturated vapour at that particular 
pressure. As the expansion proceeds, therefore, not only does the 
actual temperature become considerably lower than the corre¬ 
sponding saturation temperature, but the density increases above 
the density of saturated vapour. As the supersaturated condition 
is metastable, there will be a limit of expansion below r which the 
supersaturated condition can no longer hold, and condensation takes 
place. 

During supersaturated adiabatic expansion of steam, as the steam 
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remains dry, the same equations hold as in the case of the adiabatic 
expansion of superheated steam, namely, 

P 12 

P(V - 6) 1,3 = constant; — 3 = constant; y a ( V-b) = constant. 

j'T 


From these equations the actual temperature T of the super¬ 
saturated steam can be calculated, and hence the degree of under¬ 
cooling can be determined ; that is, the difference between this 
temperature and the saturation temperature corresponding to the 
pressure of the steam. 

It will be seen in a later chapter that supersaturated expansion 
can take place through a suitably shaped nozzle. 

The Throttling o! Steam. If steam is allowed to pass through a 



small orifice so that the pressure 
drops as it passes through, it is 
said to be throttled. In an ideal 
throttle there should be no change 
in velocity on the two sides of the 
orifice ; also no external work will 
be done by the steam, and no heat 
should be lost to external bodies. 

Under these circumstances the 
equation of steady flow (p. 53) 


H x -H % + A 


= AW + Q 


Fio. 138. Effect of Throttling give8 u8 H t -H. + 0 = 0 + 0 
M that is, H x = H 2 . 

Hence in the ideal throttling of steam the total heat remains 


constant. 


Let us consider what happens when dry saturated steam at, say, 
100 lb. per sq. in. is throttled to 50 lb. per sq. in. The total heat 
of dry steam at 100 lb. per sq. in. = 661-83, while the total heat of 
dry steam at 50 lb. per sq. in. is only 653-6. But during throttling 
the total heat of the fluid remains constant. Hence the fluid must 


become superheated. Similarly, throttling wet steam tends to dry 
it. This may best be shown on the total heat-entropy chart. 

In this chart, as total heat is plotted vertically, throttling will 
be represented by a horizontal straight line. Hence, in Fig. 138, 
dry saturated steam at 100 lb. per sq. in. will be represented by A 
where the 100 lb. per sq. in. constant pressure line crosses the 
saturation line. In being throttled to 50 lb. per sq. in., the state 
of the steam will pass along a horizontal straight line to the point B 
where this line cuts the 50 lb. per sq. in. constant pressure line. 
This point will obviously be in the superheated region, and its 
exact state can be read off from the chart. 
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Similarly, steam of dryness fraction equal to 0*854 at a pressure 
of 100 lb. per sq. in. will be represented by the point C. In throt¬ 
tling, the state point of the steam will pass along the horizontal 
straight lino until it cuts the 50 lb. per sq. in. pressure line at D. 
The dryness fraction of the point D is read off the chart as equal to 
0*87. Hence throttling wet steam dries it. 

In order to calculate the condition of steam after throttling, we 
may consider two cases. Let suffixes 1 and 2 refer to the state 
of the steam before and after throttling. 

Case I. Wet steam of dryness fraction x x still wet after throttling. 
Total heat before throttling = total heat after throttling. 
h x + x x L x = h 2 + x t L % 

. „ _ K ~t~ x i^i ~ \ 

" L t 

Case II. Wet steam of dryness fraction x x superheated to T 8U 
after throttling. 

h x + x x L x = + L a -f C v (T tu - T ta ) (assuming C v is constant) 

rp __ K + x x L x - h 2 ~ L 2 

u $u q i ± ta 

The Throttling Calorimeter. The use of this instrument to 
find the dryness fraction of steam depends on the constancy of 
total heat during a throttling 
process. 

Steam from the main steam 
pipe passes by way of a valve 
F (Fig. 130) through the ori¬ 
fice A into the calorimeter B , 
and so away at C. The pres¬ 
sure of the steam after throt¬ 
tling at A can be determined Steam Pipe, 
from the manometer at D. 

The temperature of the steam Fie. 139. Thkottlinq Calorimeter 
after throttling is given by 

the thermometer E . If the steam is nearly dry in the main steam 
pipe it will become superheated after passing through the orifice. 

Let p x = pressure in main steam pipe 
h x = total heat of water at p x 
x x = dryness fraction in main steam pipe 
L x = latent heat at p x 

p z = pressure in calorimeter B , obtained from manometer 
H t = total heat of dry steam at p t 
T tu = temperature from thermometer E 
» saturation temperature at pressure p t 
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hence 


h 1 + x 1 L 1 = H t + C 1> (T iU -T 9a ) 
„ _H 2 + C P (T tu -T, a )-h l 
L x 


Care must be taken that the valve F is fully opened to prevent 
the steam from being throttled in passing through it. 

This instrument will only be of use if the steam, after expansion, 
is superheated. It is useless if the steam in the main steam pipe is 
so wet that it remains wet after expansion. The limiting case will 
be when the steam is just dry after expansion, that is, when the 
temperature on the thermometer E is just the saturation tempera- 
ture corresponding to the pressure p 2 . In this case h x + x x L x = H r 
Hence one may know when the instrument is not superheating 
by the fact that the thermometer E is 
not giving a temperature greater than the 
saturation temperature corresponding to 
the pressure in the calorimeter B. 

Provided that a true sample of the 
steam is obtained, this method is an 
accurate one for determining the dryness 
fraction of steam within the limits of its 
functioning. The main difficulty is that 
of obtaining a true sample. A common 
method is as shown in Fig. 139, where a 
pipe closed at the end and perforated with 
holes facing the direction of the steam, 
lies across the main steam pipe. In the 
case of a horizontal steam pipe, however, 
an error may be caused by a large pro¬ 
portion of the water in the steam being 
carried along the bottom of the pipe. 

The Separating Calorimeter. The dryness fraction of steam too 
wet for use in a throttling calorimeter can be determined by means 
of a separating calorimeter. This consists of a double-walled 
chamber, the inner chamber containing a perforated metal cup A 
(Fig. 140). The inner chamber is connected to the outer through 
an opening at the top of the perforated cup. The outer chamber 
has an outlet at B. The steam to be tested enters the inner chamber 
at the top and, in discharging against the bottom of the perforated 
cup, is forced to make a sharp turn, thus separating the water from 
it. The steam then passing through the sides of the cup passes to 
the outer chamber, and so to the outlet B. The separated water 
collects at the bottom of the inner chamber, and its amount may 
be determined by the graduated gauge glass C. The amount of 
steam passing through the outer chamber can be determined by 
condensing it in a weighed quantity of cold water, as it passes from 
the outlet B. For quick measurements, which may be somewhat 



Fig. 140. Separating 
Calorimeter 
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unreliable, the flow may be determined by a pressure gauge D 
carrying a second scale, which shows directly the weight of steam 
flowing in a certain time. This scale can be calibrated by weighing 
the steam actually passing in this time, for several rates of flow. 
The whole calorimeter must be well lagged. Then, assuming that 
the steam passing into the outer chamber is dry, if 

w = weight of water removed from steam in a certain time 
then W = weight of dry steam passing in same time 

Dryness fraction = — 

If the steam passing into the outer chamber is not quite dry, the 
dryness fraction can be determined by the throttling calorimeter, 
and allowance made accordingly. 

Example 4. Describe carefully any method of determining the dryness 
fraction of the steam supplied to an engine. Discuss fully the precautions 
which have to be adopted and state what degree of accuracy you expect 
to obtain. 

Steam passes through a sampling pipe in a steam pipe to a separator and 
from the separator it pusses through a wire drawing calorimeter. The following 
observations were made— 

(1) Temperature of tho wot steam in the main. 10S° C. 

(2) Temperature of tho steam after wire drawing to atmospheric pressure 
108° C. 

(3) Weight of water caught in the separator per minute, 0 035 lb. 

(4) Weight of water passing through the wire drawing orifice per minute, 
0-81 lb. 

Determine the original dryness fraction of the steam. 

( U.L.y B.Sc. (Eng.).) 

Saturation pressure corresponding to 168° C. = 110 lb. per sq. in. 
absolute (very nearly). 

Let x — dryness fraction as the steam leaves the separator and 
before it is wire drawn. 

Before being wire drawn— 

Total heat at 110 lb. per sq. in. = h ll0 + xL ll0 

-= 169-75 + a: x 493-18 

After being wire drawn— 

Total heat at 14-7 lb. per sq. in. = # 14 . 7 + C p (t tu - t sa ) 

= 639-3 + 0-5 (108 - 100) 

169-75 + 493 18a: = 639-3 + 0-5 x8 
x = 0-96 

Hence 0-81 lb. of steam of dryness fraction 0*96 leaves the separating 
calorimeter per minute. 

Hence amount of dry steam leaving the separator per minute 
*= 0-96 X 0-81 * 0-778 lb. 


x 4—(T.5434) 
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Total stuff passing per minute = 0*035 + 0*81 = 0*845 

0*778 

original dryness fraction = ®^2 

It should be noted that the dryness fraction before wire drawing" 
can be determined direct from the H-cf> chart thus : from the point 
of intersection in the superheated region of the 14*7 lb. per sq. in. 
pressure line with the 108° C. temperature line, draw a horizontal 
line to cut the 110 lb. per sq. in. pressure line. The dryness fraction 
of the point so obtained can then be read. 

Gain of Entropy During Throttling of Steam. From Fig. 138 it 
is obvious that the entropy of steam increases due to throttling. 
To calculate this increase of entropy we can make use of tho 
temperature-entropy chart, and we will consider two cases. 

Case /. Steam of dryness fraction x l still wet after throttling. 




Let the steam represented by the state point A, Fig. 141, be 
throttled from a pressure P Y (saturation temperature r l\) to a 
pressure P 2 (saturation temperature T 2 ). Since entropy increases 
the final state, B will be to the right of A on the chart. Let tho 
final dryness fraction be x r 

Then entropy at B = <f> wt + = logs Jfs (approx ) 

entropy at A = </> wl + = log* ^ 

Hence increase of entropy due to throttling 

_ 1 1 I X 2^2 X l^l 

— ?w2 “ 9u>l i jT yT~ 

XnL* x%L\ | T1 . 

= -JT - - lo & 7jr (approx.) 

This result may be obtained direct from the diagram 
Increase in entropy = CB = DB - DE - EC 


x 2 L % . Tj 
-%r ~ log, ~ - 


T x 




STEAM 


405 


In order to find x 2 in terms of the initial conditions, we have, 
since total heat remains constant during throttling, 

h 2 ~f" x 2 L 2 == h x -f~ x x L x 


Xn = 


*. increase of entropy = <j ) w2 - * tri + 


T l - T i + x 1 L l xJj x 


/ij It 2 “1~ X\ X\ 

~T t fT 
T l 


T 

1 S 


T - loge ^ (approx.) 


Case II. Steam of dryness fraction x x superheated after 
throttling. 

Let the steam represented by the state point A } Fig. 142, of 
dryness fraction x x be throttled from a pressure P x (saturation 
temperature 1\) to a pressure P 2 (saturation temperature T 2 ). 

As we are assuming that the steam becomes superheated, the 
final state B will be on the continuation of the constant pressure 
line for P 2 in the superheated region. Let the temperature at this 
point be T tu . The increase in entropy required will therefore be 
represented by the distance DE. 

Increase in entropy = CE - CD — (CII + HE) - (CF + FD) 


But CII represents the change in entropy when 1 lb. of water at 
T 2 is changed into 1 lb. of dry steam at T 2 — and HE represents 

I 2 

the change, in entropy when 1 lb. of dry steam at saturation tem¬ 
perature T 2 is superheated at constant pressure to a temperature 
T 

T tu = C v log e approximately ; and CF = change in entropy 

J 2 

T 

wlien 1 11). of water is heated from T 2 to T x = log £ approxi- 

1 2 

mately ; and FD = KA — change in entropy when 1 lb. of water 
at T x is changed into dry saturated steam of dryness traction aq at 

x L 

the same temperature = -A— 1 . 

I i 

Change in ontropy during throttling 


L 2 


= ^ t +C v log* 


_ loge 

T t ogc T t T x 


In order to find the value of T su in terms of the conditions before 
throttling, we have, as total heat remains constant during throttling, 


h 1 + x 1 L l =H % + C 9 (T au -TJ 

from which T tu can be calculated and the value inserted in the 
previous equation. 
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EXAMPLES IX 

1. Determine from the stoam tables the amount of heat in 11b. of steam— 

(a) At a pressure of 152 lb. per sq. in. aba. and 0-9 dry. 

( b ) At a pressure of 2151b. per sq. in. abs. with 250° F. (139° C.) of, 
superheat. 

If in both cases the steam was generated from water at 90° F. (32° C.), 
estimate the respective gains of internal energy. ( LMech.E ., 1925.) 

2. Estimate the amount of heat necessary to convert 101b. of water at 

212° F. into steam at a pressure of 1901b. per sq. in. abs. with 280° F. of 
superheat. Determine the proportion of this heat used in doing external 
work. (/ .Mech.E,, 1923.) 

3. Calculate the total energy of lib. of steam at 12G lb. per sq. in. abs. 
pressure and dryness 0-985, and find also its internal energy. If steam in 
this state be expanded in a cylinder to 31b. per sq. in. abs.. the expansion 
being hyperbolic, find the final temperature of the steam. Use Callendar’s 
equation 

T l 373-1 \ 

V - 0-016 - 1-0706- - 0-4212 ^ —- J * 

where p — pressure in pounds per square inch 
V = volume in cubic feet 
T = absolute temperature of the steam. 

(U.L., B.Sc. (Enq.). 1923.) 

V 4 Steam at a pressure of 151b. per sq. in. abs., but slightly superheated, 
reaches a surface condenser at 232° F. (Ill 0 C.) and leaves as water at 202° F. 
(94-4° C.). The circulating water enters at 55° F. (12-8° C.), and the quantity 
has to be regulated so that its maximum outlet temperature does not exceed 
160° F. (71° C.). Calculate the amount of circulating water that will be 
required j>er pound of steam. {LMech.E., 1925.) 

5. Steam originally dry is allowed to fall in pressure from 150 to 00 lb. per 
sq. in. abs. under the following conditions— 

(а) In a closed vessel which loses heat by radiation and conduction. 

(б) By passing through a throttle valve. 

Estimate the final condition of the steam (superheat or dryness fraction) 
in both cases. {LMech.E., 1924.) 

6. Steam at a pressure of 190 1b. per sq. in. abs., with 200° F. (Ill 0 C.) 
of superheat, lias its pressure lowered to 80 lb. j>er sq. in. abs. by passing 
through a reducing valve. Estimate the temperature of the low pressure 
steam. If 10 lb. of steam per second are passing through the pipes, caleulate 
their diameters so that the steam speed should not exceed 120 ft, per sec. 

{LMtch.E ., 1925.) 

7. Steam at a pressure of 200 lb. per sq. in. abs., with 200° F of superheat, 

is throttled to 120 1b. per sq. in. abs. and then expanded adiabatically to 
501b. per sq. in. abs. Determine the temperature of the Btearn (a) aftor 
throttling, (6) after expansion. {LMech.E., 1923.) 

8. Calculate the internal energy of one pound of steam at 8-0 lb. per gq. in. 
pressure and dryness 0-94. If this steam is compressed to 1501b. per gq. in. 
according to the law l J V un = a constant, find the work done during the 
compression and the change in internal enorgy. 

( U.L ., B.Sc. (Eng.), 1935.) 

9. A cubic foot of steam of dryness fraction 0-9 and at a pressure of 200 lb. 
per sq. in. abs. expands to 50 lb. per sq. in. abs. Find the final state of the 
steam if the expansion is (a) hyperbolic; (6) adiabatic. Find the value of n 
in the equation PV n = constant for initial and final conditions in the case (6). 
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10. Define the term “ total heat" of a fluid and prove that this quantity 
does not change during a throttling process. 

Steam, after throttling, has a pressure of 15 lb. per sq. in. abs. and a tem¬ 
perature of 150° C. If the pressure of the steam before throttling was 200 lb. 
per sq. in. abs., find its dryness fraction. 

What is the minimum dryness fraction which may be determined by means 
of a throttling calorimeter if the steam is throttled from 200 lb. per sq. in. abs. 
to 15 lb. per sq. in. abs. ? (U.L., B.Sc. (Eng.) t 1926.) 

11. A pipe lino between a boiler and engine is equivalent to a straight length 
of 200 ft. of 4 in. extornal diameter piping covered with lagging. The engine 
takes 4,860 lb. of steam per hour. The steam pressure is 120 lb. per sq. in. abs. 
and at the boiler end of the pipe the steam is by te9t $ per cent wot. A throt¬ 
tling calorimoter at the engine steam chest expands a steam sample to 15 lb. 
por sq. in. abs., at which pressure the temperature reading is 134° C. The 
drainage from the pipe lino is 30 lb. per hour. Estimate the heat loss per 
square foot of inetal surface, per hour, per degree Centigrade difference 
between steam and air temperature (22° C.) for the pipe. 

(U.L., B.Sc . {Eng.), 1921.) 

12. In an industrial plant steam is gonerated at 1501b. per Bq. in., dry 
saturated, and supplied direct to the power units. Wet steam at 100 lb. per 
sq. in. is roquirod for process work, and for this purpose, some of the boiler 
steam is cooled in a closed vessel, of 300 cu. ft. volume by spraying water at 
1,000 lb. por sq. in. and 20° C. into tho vessel. 

Assuming no external losses, find the weight of water to be injected, and the 
final dryness fraction of tho steam in the vessel. 

(U.L., B.Sc. (Eng.), 1933.) 



CHAPTER X 

STEAM CYCLES AND THE STEAM ENGINE 


The Carnot Cycle with Steam as Working Substance. It will bo 

seen above (pp. 112 and 118) that the Carnot cycle consists of an iso¬ 
thermal and adiabatic expansion and an isothermal and an adiabatic 
compression. Let us consider this eyclo, using water and steam as 
the working substance. 

Let us have 1 lb. of water at an absolute temperature T x in the 
cylinder, the state being represented on the pressure-volume 
diagram by the point a, and on the temperature-entropy diagram 
by the point A (Fig. 143). 



Stage 1. Path ab on p-v diagram, and AB on T-(f> diagram. 

The water at 1\ is gradually changed into dry saturated steam 
at the same temperature, the dry state being represented by b and 
B . The isothermal expansion of the substance takes place at 
constant pressure (the saturation pressure corresponding to T x ). 


The heat taken in is L x and the change of entropy AB = 


h 

T i 


Stage 2. Path be on p-v diagram, BC on T-<f> diagram. 

The dry steam expands adiabatically, the pressure and tem¬ 
perature falling and the volume increasing. No heat is transferred 
to or from the working substance, and there is no change in 
entropy. BC is therefore a vertical straight line and the state at 
the end of expansion, as represented by C, is that of wet steam. 
The temperature of the steam falls to some lower temperature T t . 

Stage 3. Path cd on p-v diagram, CD on T-<£ diagram. 

The wet steam is compressed at constant temperature T v i.o. 
isothermally. The pressure remains constant at the saturation 
pressure corresponding to T 2 , while the steam gradually changes to 
water, heat being rejected from the working substance. Let this 
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compression be completed at some point (d and D) f such that the 
subsequent adiabatic compression completes the cycle. 

Stage 4. Path da on p-v diagram and DA on T-(f> diagram. 

The wet mixture at D is compressed adiabatically to A, pressure 
and volume returning to the original state (a and A). No heat is 
transferred to or from the working substance, and there is no 
change in entropy. The temperature rises, and the final state is 
once again that of water at T v 

It will be noticed that the whole cycle is reversible and the heat 
is taken in at one temperature and rejected at a low r er temperature 

T -T 

and hence the efficiency is a maximum and should be equal to ———-. 

1 j 

The heat taken in during stage 1 is represented by the area 

ABEF = AB x BE = ^ x A = L x 
* 1 


The heat rejected in stage 3 is represented by the area 

DCEF = DC x CE = x T t 
* 1 


The work done in the cycle = heat taken in - heat rejected 


= Area A BCD = AB X BC = h. (T 1 - 1\) 

I 1 


Efficiency of cycle = 


Work done 
Heat taken in 


A 

A 


• (A - A) 

~A 


A - A 
A 


J Clapeyron’s Equation. The equation winch has already been 
referred to (pp. 118 and 119) gives a means of calculating the specific 
volume of dry saturated steam, a quantity very difficult to measure 
experimentally. 

Consider a Carnot engine working between tw r o temperatures 
differing by a small amount 6I\ the corresponding difference of 
saturation pressure being 6P. Lot this cycle be represented by 

dT 

abed , Fig. 144. The efficiency of this cycle is ^ and the work done 


LdT 


per pound of working substance = -y— 


This work is represented 


by the area of the diagram abed. If the temperature difference is 
very small this area approximates to a rectangle of height 6P and 
width (F <0 - V w ) where V sa is the specific volume of dry saturated 
steam and V w is the specific volume of water. 
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Hence (F fa - V W )8P — JL-p-, approximately 

. t r t 7 JL ST 


In the limit, as 8T and SP approach zero, this equation becomes 
exactly true and hence 

V - V = —- — or V — V + — 

1 #o r 10 rp dP* UA r *« r to \ rp 

From this equation the volume of 1 lb. of dry steam may be 
calculated for any pressure. The values of L and T can bo obtained 

dT 

from the steam tables, the value of ^p, which is the rate of change 

I of saturation temperature with 

X.__P pressure, being found by calcu- 

SP --hV -\c lation from the steam tables 

t ^ \ j\ or by finding the slope of the 

j \ I \ saturation temperature-pres- 

P j \ J \ sure curve for the tempo ra- 

i \ » \ tnro T. 

1 -J Example 1. Establish tho equa- 

<--!— Vscx, -H Tr JLdT . Tr . . 

_!-__-1- tion V — — — , whore V is tho 

I 7} 1 d] 

v volume of 1 lb. of dry steam, L 

Fia. 144 latent heat, J is 1,400 ft-lb. per 

C.H.U., T tho absolute temperature, 
and P the pressure in pounds per square foot. From the tables supplied 
work out the volume of lib. of steam using tho above formula, taking 
the caso of steam at 5 lb. per sq. in. prossuro, and give any reasons you 
consider valid to account for tho difference between your answer and that 
given in the steam tables supplied. ( IJ.L. , B.Sc. ( Eng .), 1920.) 

It will be noticed that the small quantity V w = 0 01602 cu. ft. 
has been neglected in this question. 

From the tables, when P = 4 lb. per sq. in. T = 340-33° C. 

P = 61b. per sq. in. T = 349-82° C. 

. dT __ 349-82 - 340-33 _ 4-745 
# * 8P ~~ 2 x 144 “ T44" 


V 

Fia. 144 


This is not the true value of ^p, for if values of T and P are 

dT 

plotted, it will be seen that the slope of the curve, that is varies 
considerably, especially at the low pressures. 






STEAM CYCLES AND THE STEAM ENGINE 411 


Taking this value, and finding L and T for 5 lb. per sq. in. from 
the tables, we have 

1,400 x 555-38 4-745 

V ~ 345-48 X 144 

= 7416 cu. ft. 


The chief reason for the difference between this value and that 
in the tables is duo to the inaccuracy of the determination of the 
dT 

value of -jp. If a smaller difference of pressure dP is taken, the 


value will be nearer the true one, which is exactly given by the 
tangent to the pressure-temperature curve at the point where 
P = 5 lb. per sq. in. 

With some steam tables there may also be another reason for 
the difference. In the older steam tables the various properties 


of steam have been calculated 
from various empirical formulae 
obtained from experimental re¬ 
sults. These formulae are not 
necessarily mutually consistent. 
In the Callendar steam tables 
the various formulae have all 
been derived to conform to the 
Callendar characteristic equation 
for 8team, and hence the values 



Fig. 145 


for the various properties of steam in these tables are mutually 


consistent. 


The Rankine Cycle. An obvious practical difficulty in the Carnot 
cycle is the stopping of the isothermal compression of the working 
substance at the correct point D (Fig. 143). 

A simple modification is to continue the compression CD to E 
(Fig. 145) until all the steam has been condensed to water and then 
to convert this water at the low pressure and temperature T t to 
water at the higher pressure and temperature T v The cycle would 
then be ABCE, Fig. 145, where CE represents the condensation of 
the wet steam at C to water at E , and EA represents the conversion 
of the water at low pressure and temperature T t to high pressure 
and temperature T v 


The ideal cycle thus modified will bo as follows— 

Stage 1. Path AB. Water at temperature T l and saturation 
pressure P 1 is converted into dry saturated steam at constant tem¬ 
perature and pressure. The heat taken in by working substance 
is represented by the area ABMK and is equal to L v 
Stage 2. Path BC . The dry saturated steam expands adia- 
batically from pressure P x to P v 
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The dryness fraction of the working substance after expansion 



Stage 3. Path CE. The steam is now condensed by the removal * 
of heat at constant pressure P 2 and constant saturation temperature 
T 2 > until the working substance is wholly water. 

The heat given out by the working substance is represented by 
the area ECMF. 

Stage 4. Path EA. The water at temperature T 2 and saturation 
pressure P 2 is raised by the addition of heat to temperature r I\ and 
saturation pressure P v the pressure at any stage being the saturation 
pressure corresponding to the temperature at that stage. The 
heat taken in by the working substance is represented by the area 
EAKF. 

The work done in the complete cycle is therefore equal to heat 
taken in - heat rejected, and is represented bv the area EAKF + 

ABMK - ECMF = area A BCE. 

The efficiency of the cycle — 
Work done _ Area ABCE 
Heat taken in Area EABMF 

In the cycle just considered 
the working substance is assumed 
to remain in the cylinder through¬ 
out the whole cycle. We will 
now consider what modification 
is necessary to conform more 
nearly to practice, where heating is carried out in a boiler and the 
condensation of the steam is carried out in a condenser apart 
from the working cylinder. Under these circumstance's, the fourth 
stage just considered can be assumed to be carried out in two 
operations. 

The condensed water at E, Fig. 145, at P 2 and T 2 will first be 
pumped by means of a feed pump into the boiler, where the pressure 
is P v The water then takes in heat in the boiler at constant pressure 
P x until its temperature rises to T v These two stages are repre¬ 
sented by EE' and FYA, Fig. 140, where AE' is the continuation in 
the water region of the P x constant pressure line AB. Owing to the 
small compressibility of water, however, the points E and E' are 
practically coincident, and hence, to all intents and purposes, the 
cycle is still represented by ABCE. 

We will now consider this cycle, assuming it is carried out not all 
in the working cylinder, but consecutively in the boiler, working 
cylinder, condenser, and feed pump. The cycle is shown at abce 
in the p-v diagram and ABCE in the T-0 diagram, Fig. 147. The 
line ea in the p-v diagram really slopes to the left as it goes from e to 
a, owing to the compression of the water reducing the volume. 
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This is, however, so slight that ea may be taken as a vertical straight 
line. The cycle is as follows— 

Stage 1. Path ab and AB. Water is converted in the boiler into 
steam at constant pressure P x and constant temperature T v and 
enters the working cylinder as it is produced. Work done by 
steam as it enters cylinder, fbmo, during formation from water. 
Heat taken in by working substance, ABUW. 

Stage 2. Path be and BC. itoiler is shut off from the cylinder 
and the steam expands adiabatically in cylinder. Work done by 
steam, benm. Heat taken in, nil. Pressure falls to p 2 an d volume 
increases. 

Stage 3. Path ce and CE. Steam is rejected from cylinder and 
is ejected to the condenser, where it is condensed at constant 
pressure p 2 and constant temperature T 2 to water. Work done on 
steam, geno. Heat given out by working substance, ECUS. 



Fig. 147 


Stage 4. Water at pressure p 2 an d temperature T 2 is pumped 
into boiler, where the pressure is p v It takes in heat in the boiler 
and its temperature rises to T v Work done by feed-pump, faeg. 
Heat taken in by water EA WS. 

The net work done in the cycle is represented by 
fbmo + benm - geno - faeg — abce 

on the p-v diagram. On the T-<f> diagram this work, which is equal 
to the difference between the heat taken in and the heat rejected 
by the working substance, is represented by 

ABU W + EA WS - ECUS = ABCE 

In order to obtain expressions for the work done in the cycle, 
it will be remembered that on p. 55 it was proved that the area 

fbcg f Fig. 147, which represents J VdP over the adiabatic expansion 

be is measured by the heat drop during this expansion. The area 
fbeg represents the value of H n - H c in work units, where 1I B and 
H c are tho values of total heat of the working substance before and 
after expansion. Now tho area faeg represents the work done by 
the feed-pump, namely, F UJ (P 1 - P 2 )> where is the volume of 
the water at e. 
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Hence the work done during the cycle 


= H IS -H C - 


Vw( P l ~ P t ) 


heat units 


The heat taken in is the heat necessary to change the water at 
P x and T t into dry saturated steam at P x and T v As this heat is 
given at constant pressure, its value will be // B - h R i , Fig. 140, 
where h K i is the total heat of water at P x and T 2 . Now h R i will bo 
greater than h RJ the total heat of water at P 2 and T 2 , by the thermal 
equivalent of the amount of work necessary to bring the water at 


, VJP , - P.) 


P t and T 2 to P x and T 2i that is, by 


Hence the heat taken in = H - ( h K + 


VM\-P, 


The efficiency of the cycle is therefore 

r, „ VJ1\ ~ I\) 


//„-//,- 


H*-h u - 


V W (P i - 1\) 


The term 


is so small compared to the other quantities 


that it can usually be ignored, and hence the efficiency which is 

represented on the T-<f> diagram by ma y ta ken as 

area h/AiSUo 

H — II 

equal to — - -— . In this expression II H is the total heat of dry 

IP ~~ 

saturated steam at P v and h R is the total heat of water at P 2 » both 
values being taken from the steam tables. In order to calculate 
the value of // c , the dryness fraction x c at C must first bo calculated 

/ L \ T 

AVAPnciijiAn - I 1 1 i 2 , v lirn«n o ml JL a nn 


from the expression x c = j <f> 


‘ + tJ l] 


where cf> A and <f) E are 


the values of the entropy of water at A and E respectively. 

There is no need for this calculation, however, if the H-(f> chart is 
used, for H B can be read of! direct for the point where the P l 
constant pressure line cuts the saturation line. If a vertical straight 
line is now drawn from this point to cut the P 2 constant pressure 
line, the second point so obtained will give the value of H c direct 
from the chart. 

This cycle, called the Rankine cycle, is of great importance, as 
it has been adopted as the basis of comparison for any real steam 
engine. Unlike the Carnot cycle, it allows the use of a condenser 
apart from the working cylinder. Although the Rankine cycle is 
reversible, the efficiency is less than that of the Carnot cycle. 
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This can be seen roughly by comparing areas in the T-(j> diagrams of 
Figs. 143 and 145. It will be seen that, although a larger amount 
of work per pound of steam is obtained, yet the extra amount of 
heat taken in is in a greater proportion. The reason for this lower 
efficiency is that all the heat is not taken in at the highest 
temperature, as in the Carnot cycle, the water taking in heat 
between the two temperatures T x and T 2 . 

It is interesting to calculate the Rankine efficiency for roughly 
normal conditions. Lot the boiler pressure be 300 lb. per sq. in. 
absolute and the condenser pressure be 2 lb. per sq. in. absolute. 

From the H-<f> chart we find the total heat of dry saturated steam 
at 300 lb. per sq. in. to be 674 C.H.U. per lb. Drawing a vertical 
straight line from this point on the chart until it cuts the 2 lb. per 
sq. in. pressure line, we find the total heat is 491 C.H.U. per lb. 
The work done in the Rankine cycle between these two pressures 
is therefore 674-491 = 183 C.H.U. per lb. 

The total heat of water at the saturation temperature corres¬ 
ponding to a pressure of 2 lb. per sq. in. (52-27° C.) = 52-16 C.H.U. 
per lb. This heat in the water is theoretically available for use 
again in the boiler. 


lienee the Rankine efficiency = 


674 - 491 
674-52 16 


= 29*4 per cent 


With an ideal steam plant therefore only 29*4 per cent of the 
available energy would be converted into work under these con¬ 
ditions. In practice, as will be seen later, even this efficiency could 
not be reached for the given pressures. The ratio of the actual 
work done in a steam engine compared to the work done in the 
corresponding Rankine cycle is termed the efficiency ratio. 

m . _ . , Heat converted into work 

Ihus efficiency ratio of a steam engine = —- v ~ , —tt—;-:- 

Adiabatic heat drop 

The ideal steam consumption for any two pressures is easily 
obtained from the adiabatic heat drop. 


Work done per pound of steam in Rankine cycle 

= Adiabatic heat drop 

... . 33,000 X 60, . .. 

and 1 h.p. hour =-j-heat units 

, . 33,000 X 60 », 

.. Steam per horse-power hour = . , .. . r . - . —-r lb. 

r r J (adiabatic heat drop) 


Suppose an actual engine working with dry steam between the 
pressures of 300 lb. per sq. in. and 2 lb. had an efficiency ratio of 62 
per cent. We have just seen that the Rankine efficiency is 29*4 per 
cent for these pressures. The actual thermal efficiency of the engine 
would therefore be 29-4 x 0-62 = 18-23 per cent. 
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** 

_ 

7 


\A 


D C 


4 > 

Kio. 148 


The ideal steam consumption would be 
33,000 X 60 _ ., 

M00x ~ 183 = 7 - 731b ' perH R hoUr 
The actual steam consumption would be 
7.7Q 

~ = 12-47 lb. per H.P. hour 
OoJ 

Effect 0! Condensing on the Rankine Cycle. This will be explained 
best by an actual example. Suppose instead of condensing down 

to 2 lb. per sq. in. pressure 
/ \ as in the last paragraph, the 

^ a/ B> \E> exhaust is at atmospheric pres- 

y 7 , surt‘, namely, 14-7 lb. per sq. 

T / \ in. From the II-<f> chart we 

f / \R seo the total heat after 

^2 ~~7 0 C C' \ expanding adiabatically from 

/_\ 300 lb. per sq. in. to 14-7 lb. per 

F G y K sq. in. is 550 C.H.U. per lb. 

y The work done in the Rankine 

* 10 - 148 cycle in this case is therefore 

674-550 = 124 C.H.U. 

The total heat of water at 14-7 lb. per sq. in. = 100 C.H.U. per lb. 

124 

Hence the Rankine efficiency = = 21*6 per cent 

The ideal steam consumption = = 11 *4 lb. per H.P. hour 

r 1,400 x 124 r 

As there is no condenser, the total heat of the water, namely, 
100 C.H.U. per lb., would not be directly available in practice for 
using again in the boiler. In modern plants, however, the heat 
in the exhaust steam of a non-condensing engine is utilized for feed- 
water heating, or to do work in a low pressure turbine. 

Efficiency 0! the Rankine Cycle in Terms of Temperature. 

Case I. Steam saturated on admission to cylinder. 

Let the steam on admission to the cylinder be of dryness fraction 
x x Its state will then be represented by the point B, Fig. 148, and 

AB 

AB' ^ Xv c y c ^ e A BCE. Let the temperature of the 

steam on admission be T 1 and on condensation be T r 

Then AB = Gain in entropy when water at T x is converted into 

x L 

steam of dryness fraction x x = i,— 1 

1 t 

EC = Gain in entropy when water at T t is converted into 

x L 

steam of dryness fraction x 2 = -~~ 


The ideal steam consumption = 


11-4 lb. per H.P. hour 


steam of dryness fraction x x 
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ED — Gain of entropy when water at T t is converted into 
water at r l\ 

T 

= \og e -~ f approximately 

1 2 

Area EAGF — Heat taken in when water is heated from 
T 2 to r l\ 

= r i\ - T 2 approximately. 

Then work done in cycle = Area ABCE = FEABK - ECKF 
= (EAGF + ABKG) - (EDGF + DCKG) 

= ( T x - T % ) + {AB x BK) - (DG x ED) - (ABx DG) 

= 7’ 1 -T, + ^i x A-Alog*^-^ A 

= (T 1 -T 2 )^l + ^\-T l log e ^ 

Tho heat taken in 

= Area EABKF = EAGF + ABKG 
= (A - A) + X A = A - T, + 

. . Work done 

hfnciency of cycle = Tr -:-— 

J J Heat taken in 

+-^-T t log e ^l 

= 'A - A + A 

The dryness fraction after expansion 

1 A 4l giA 

EC ED + DC 10gs A + A 
“ ‘ r * ~ ER ~ ER ~ A 

A 

If the steam is dry saturated on admission to the cylinder then 
the cycle is AB'C'E and x x = 1 in tho above expressions. 

Case II. Steam superheated on admission to cylinder. 

Let the steam be superheated to a temperature T gu at a constant 
pressure corresponding to the saturation temperature T v Then the 
state of the steam before adiabatic expansion will be represented 
by B t Fig. 149, on the continuation in the superheat region of the 
constant pressuro line corresponding to T v The cycle will then 
be ASBCE . 
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£Jf = Increase in entropy when dry saturated steam at T x 
is superheated to T tu at constant pressure 

T 

= C v log^ ~ (approx.) where C v = Mean specific heat 
1 1 

of steam between T x and T tu 

Area SBKX = Heat taken in when dry saturated steam at T x 
is superheated at constant pressure to T au 
= C v (T gu -T x ) (approx ) 



Fin. 149 


The work in cycle = Area ASBCE = EASBKF - ECKF 

= (EAOF + ASXG + SBKX) - (EDGF + DMXG + MCKX) 
= (T x - T 2 ) + AS X SX + C v (T tu -T X )-DG x ED - DM x MX 
-CK X 

= T 1 ~T t +~xT 1 + C V (T, U - T t ) - T 2 log* ^ T, 

- T/ 7 , log* !*“ 

= + hj + CJT'.-TJ-T, (log*£ + C,lo ft 

The heat taken in = Area EASBKF = EAGF | ASXG + SBXX 
= T x - T, + + C p (T tu - T x ) 

Efficiency of cycle 

('A - T,)(l + + C V (T„ -T t )-T t (log* ^ + C, log* ^ 

= A - 7'j + L x + G’ P (T. U - 7\) 

If a comparison is made of the efficiency of a Rankino cycle using 
in one case dry saturated steam and in the other superheated steam 
between the same pressures, it will be found that there is little gain 
in thermodynamic efficiency due to the superheat. 

The chief value of superheating is due to practical considerations 
resulting from the fact that as the steam in transmission loses heat, 
condensation does not take place, and heat losses are reduced. 
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Example 2, Sketch the pressure-volume and temperature-entropy diagrams 
of the Rankino cycle for a steam engine. Determine the Rankine efficiency 
of a steam engine working between pressure limits of 100 and 6 lb. per sq. in., 
and supplied with dry saturated steam. By how much per cent is this 
efficiency increased by superheating the steam 100° C. ? What effect would 
superheating produce on the efficiency ratio of an actual steam engine, and 
what are the roasons for this offect ? (U.L., B.Sc. (Eng.), 1924.) 


1. Total heat of dry steam at 100 lb. per sq. in. absolute ~ H B 
= 661*83 lb. calories (from tables or H-<f> chart). 

Dryness fraction after adiabatic expansion to 5 lb. per sq. in. abs. 


Entropy of 
water at 
100 lb. " 
^ per sq. in. 




Entropy of 
water at 
5 lb. 

per sq. in. 


= <f>u 


A i-jh 

Yw> T qi 


Latent heat at 
100 lb.per sq.in. 
Saturation tem¬ 
perature at 
1001b. per sq. in. / 

L* 

L, 


Saturation tempera¬ 
ture at 5 lb. per sq. in. 
Latent heat at 
6 lb. per sq. in. 


From the tables <f> wl - <f> w2 = 0*4739 - 0*2346 

= 0*2393 


In the absence of tables an approximate value can be calculated 
T 437‘IS 

from 2-3026 X log 10 ^ = 2-3026 X log 10 = 0-236 


Taking the first value— 

Dryness fraction = (o-2393 + X = 0-865 

The dryness fraction can be found directly from the H-(f> chart. 
Taking a vertical line down from the intersection of the 100 lb. per 
sq. in. line with the saturation line, we see that the 5 lb. per sq. in. 
line is cut at a dryness fraction of 0*855. 

Total heat of steam after adiabatic expansion to 5 lb. per sq. in. 
= II c = h + xL 

= 72*26 + 0*855 X 555*38 = 547*11 lb. calories 

The value of H c can also be obtained from the H-<f> diagram, the 
point on the 5 lb. per sq. in. line of dryness fraction 0*855 having 
a total heat of 547*5 lb. calories. 


The total heat of water at 5 lb. per sq. in. = h = 72*26 (from 
tables). 


Rankine efficiency = 


AUUtUiUIC IU'U.1 I 


Heat put in 


H k -H c 

H B -h 


661-83-547-11 
“ 661-83 - 72-26 X 


100 = 19*4 per cent 
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2. The saturation temperature at 100 lb. per sq. in. == 164-28° C. 
Temperature of steam at 100 lb. per sq. in. superheated 100° C. 
= 264-28° C. 

From the point on the H-(f> chart, where the 100 lb. per sq. in. line 
is cut by the constant temperature line corresponding to 264-28° C., 
we find that total heat before expansion = 715 lb. calories. 

Passing vertically down from this point until we cut the 5 lb. per 
sq. in. line, the point so obtained gives total heat after expansion 
= 584 lb. calories. 

Hence, Rankine efficiency with superheated steam 

= x 100 = 204 I** ccnfc 

Gain in efficiency due to superheating = 20-4-19-4 = 1 per cent 

Rankine Cycle in Terms of Pressure 
and Volume. The work done in the 
Rankine cycle may be expressed ap¬ 
proximately in terms of pressure and 
volume. The result, which will be in 
foot-lb. per lb. of steam, will be ap¬ 
proximate, for the assumption is made 
that, in the adiabatic expansion law 
of steam, namely, pv n = constant, the 
value of n is constant throughout the 
expansion. 

Let abed , Fig. 150, represent the Rankine cycle for 1 lb. of steam 
(the feed-pump work being neglected). 

The work done = area abed = abhg + bekh - dckg 



Fio. 150. Rankink Cycle 


= Pt> v i, + 


7V’ > 

n 


Pc»c 

1 


-Pc", 


n 

n - 1 





Hence if 1 lb. of steam of specific volume v x before the adiabatic 
expansion be caused to pass through a Rankine cycle between the 
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pressures and the work done is given approximately by the 
expression 


H 1 ' 


Another method of obtaining this expression is as follows— 

rr b 

The area abed is measured by V dP 


J(*) J 

l rr b ~ 

K 'l, p 


dP where PV n — K 


dP = K n X 


i-± 
n / p t 




n 1 n - 1 \ 


But K n = P„’> v b abed - # ( P b » V„ l\ » - P c » 


n - 1 n - 1 


^ i 




Incomplete Expansion. In the Rankine cycle the steam is 
expanded right down to the pressure at which condensation takes 

<x b 


V 9 


T £ 



<t> G C 


place, as at C, Fig. 151. If the steam is released from the cylinder 
at a higher pressure than that of the condenser, as at /, there will 
be a sudden drop of pressure fg at constant volume, the amount of 
work fcg being lost. The heat taken in being the same as for 
complete expansion, there is a corresponding loss in efficiency of 
the cycle. In order to show the effect of incomplete expansion on 
the T-<f> diagram, we note that the drop of pressure fg on release 
takes place at constant volume, that is, instantaneously while the 
piston in the ideal engino is at the end of its expansion stroke. 
In the ideal Rankine cycle, where the whole operation takes place 
within the cylinder, the same effect as the above will be produced 
if a certain amount of the steam is condensed by removing heat 
while the piston is stationary at the end of the expansion stroke. 
The state of the steam in the cylinder would pass along the constant 
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volume line FO in the T-<f> diagram. The cycle would therefore be 
represented by ABFOE , the loss of available work due to incomplete 
expansion being represented by the area FCG, this loss of work 
being equivalent to the extra amount of heat given up to the 
condenser. 

Example 3. A boiler supplies steam at 400 lb. per sq. in. abs. and 600° F. 
The steam passes through a pipe line (1) Fig. A to a reducing valve, where 
the pressure is dropped to 200 lb. sq. in. abs., the temperature now being 
420° F. The steam now passes through the pipe line (2) to a turbine. In order 
to test the quality of the steam entering the turbine, a small quantity is passed 
through a throttling calorimeter as shown in Fig. A. The pressure and tempora- 



Fio. A 

ture after throttling are 15 lb. per sq. in. abs. and 295° F. respectively. The 
steam passing through the turbine expands with an efficiency ratio of 75 per 
rent compared to the Kankino efficiency, to a pressure of 4 lb per sq. in. abs. 
The steam consumption of the turbine is 100 lb. per minute. 

Indicate on a free-hand sketch of the Total Heat - Entropy chart the paths 
taken by the steam, and from the chart lind the following — 

(а) State of the steam entering the turbine. 

(б) Heat losses in pipes (1) and (2) (ignore any other losses). 

(c) Hors© power of the turbine. 

(d) State of steam leaving the turbine. 

( U. Nottm.) 

Fig. 152 extracted from Callendar’s //-</> chart illustrates the 
process. 

The points A , C and E are fixed from the data in the question, 
by the intersections of the appropriate pressure and temperature 
lines in the superheated region. 

Drawing CB horizontally to the left (constant total heat) gives 
the point B , before throttling from 40() to 200 lb. per sq. in. abs. 
Hence the heat lost in pipe 1 at constant pressure is measured by 
H A — H h B.Th.U. per lb. of steam. 

Similarly drawing ED horizontally to the left from the point E 
gives the point I), and the heat lost in pipe 2 is given by ll c — II D 
B.Th.U. per lb. 

A vertical line drawn downwards from D to K to cut the 4 lb. 
per sq. in. pressure line in the point K y gives the adiabatic heat 
drop from 200 to 4 lb. per sq. in. a* II D - II K B.Th.U. per lb. The 
actual heat drop in the turbine is measured by DF = 0*75 DK f 
and the final state of the steam leaving the turbine is represented 
by the point L. 





Total Heat 
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All the necessary values may now be read off the chart. 


T a - 

- 600° 

F. 

h a 


= 1,305 

B.Th.U. 

per 

lb. 

Tc = 

- 420° 

F. 

H n = 

- He 

- 1,224 

B.Th.U. 

per 

lb. 

^ E - 

- 295° 

F. 

11 D = 

= He 

- 1,192 

B.Th.U. 

per 

lb. 

x rj = 

- 0-99 


IIF - 

= He 

- 992 

B.Th.U. 

per 

lb. 

X L = 

= 0-865 

IIK 


= 926 

B.Th.U. 

per 

lb. 



Entropy 

Fig. 1T>2. H-j> Chart for Example 3 


(a) Dryness fraction = x n -- 0*99 

(b) Heat loss in pipe l 11 — II B = 1,305 — 1,224 

-- 81 B.Th.U. per lb. 

8,100 B.Th.U. per min. 

Heat loss in pipe 2 - H c ~ H n - 1,224- 1,192 

- 32 B.Th.U. per lb. 

3,200 B.Th.U. per min. 

-- H d — H f ™ 1,192- 992 
200 B.Th.U. per lb. 


(c) Actual heat drop 
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HP = 1 ^ 200 x 778 __ 47^ 

33,000 " " 

(d) Final dryness fraction = x L ~ 0-805 

The Theoretical Indicator Diagram. In practice, the expansion in 
a steam engine is not complete. The volume of the cylinder neces¬ 
sary would bo excessive, as the specific volume of steam is large at 
low pressures compared with that at higher pressures. In practical 
eases, therefore, the pressure at release is greater than the pressure 
at the exhaust pipe and approximates to the cycle abfgc, Fig. 151. 

Now in practice there are, among others, two important modifica¬ 
tions to be ccnsidered. In the first place, when the piston is at 



Fig. 153. Theoretical Indicator Diagram 


either end of the stroke there is the clearance volume, that is, the 
volume of working substance contained between the piston and the 
cylinder end, and in the ports leading from the cylinder to the 
valve chest. In the second place, the working substance is not 
pushed out to exhaust for the whole of the return stroke, but a 
certain amount is compressed into the clearance space. The 
theoretical indicator diagram so modified is shown in Fig. 153. 

In the diagram, 00 represents the clearance volume, AB shows 
the admission of steam to the cylinder, BC the expansion which is 
assumed hyperbolic for this purpose, CD is the pressure drop at 
release, while DE is the exhaust and EF the compression portions 
of the return stroke. After compression the pressure is represented 
by OF. Admission of fresh steam at F then raises the pressure 
to the initial pressure OA. 

Mean Effective Pressure from the Theoretical Diagram. Let the 
stroke volume OL = V ; clearance volume OO =» aV ; compression 
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volume GH = bV ; admission volume, AB = — ; initial pressure, 
AG = p x ; back pressure DL = 

Then, as the area ABCDEF represents the work done during the 
cycle, the mean effective pressure 
Area ABCDEF 

Pm — - v -» (the area being measured in p and v units) 


ABKG + BCLK - EDLH - FEHG 


V 


(BK X AB) + (fliC x OK logs 

V 

OH 

(DL x HL) + EH x OH \og e 


V 

Pi~ +Pi[<*V + 

. V + aV 

lo fe y 

aV + - 

r 


V 


aV 4- hV 

p h(V -bV)+ Pb (aV + 67) logs - ■ 


Pi ^ + (a + log £ ~ij - Ph - b + (a + b) logs 
If there is no compression, then 6 = 0 



If there is no compression and no clearance, then a = 0 and 6 = 0 
imd p m = ^ (1 + logs r )- Pt>- 

Steam Consumption from the Theoretical Diagram (the Willans 
Line). At the point of cut-off B the volume of steam in the cylinder 

is ^aV + ~ j. If W x is the weight of a cubic foot of steam at pressure 

p v then the weight of steam in the cylinder at cut-off is ^ j V W v 

At the point of compression E, the volume of steam in a oylinder is 
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(aV + bV). If W & is the weight of a cubic foot of steam at the 
pressure p 6 , then the weight of steam in the cylinder at the beginning 
of compression is (a + b)VW b . 

The weight of steam used per stroke is therefore 

(a + -Jj VWt-(a + b)VW b 

Assuming for a double-acting engine that the diagrams for each 
end of the cylinder are the same, then, if the engine is running at 
N r.p.m., the steam consumption in pounds per hour is given by 

W = 2N x 60 X V j +-^j W } - (a + 6)»F»j 

If the assumption is made that steam is dry at the points B and 
E, the values of W t and W b can be obtained from the steam tables. 

Now a trial calculation will show that, for ordinary ranges of 
pressure, the density of steam is a linear function of the pressure, 
that is, W = C x + C 2 p, where <7, and C 9 are constants. 

Hence the steam consumption W may be written 

W = 2N x 60 X V j i j (C, + C^) - (a + b) (G t + C^ 6 ) J 

If the engine is governed by throttling, that is, by varying p x 
while the speed N and the cut-off are kept constant, then 

W = CjPj + C 4 , where C 3 and C 4 are constants. 

With the same assumption, the mean effective pressure may bo 
written p m = where and C c are constants. 

But I H P. - • I.H.P. - C„. - 6>, - C. 

.■.p,- ih ^ +c ’ 

Hence W = 6> l + C i = + C ») + C \ 

i.e. W = (A X I.H.P.) 4* B> where A and B are constants. 

That is, the steam consumption is a linear function of the indicated 
horse-power. 

The Effect of Governing on the Theoretical Indicator Diagram. 

A reciprocating steam engine may be governed by means of a 
throttle valve, or by alteration of the cut-off. It is instructive to 
consider the effect of these two methods, by use of the equations 
given in the last two paragraphs. The matter will best be made 
clear by means of a numerical example. Assume the following 
conditions for a double-acting engine— 

Piston speed = 2 LN = 500 ft. per min. ; area of piston A = 80 
sq. in. ; stroke L = 15 in. 



STEAM CYCLES AND THE STEAM ENGINE 427 


600 X 12 

.. Speed N = -g - —= 200 r.p.m. 

Stroke volume V = LJ = th X = 0-696 cu. ft. 


Initial pressure, p x = 100 lb. per sq. in. abs.; back pressure 
p b = 15 lb. per sq. in. abs. ; ratio of expansion r = 3 ; clearance 
volume = 0*05 X stroke volume, where a = 0-05. Zero compression 
assumed. 


Mean effective pressure 

Pm = 100 j 0-333 + (0-05 + 0-333) 2-3 log 10 J - 15 

= 56*9 lb. per sq. in. absolute 


T x_r t> Prn LA 2 N 66-9 X 80 X 500 ao n 
LK.P. = - 33 ^- =- 3 P 00 -= 68 9 

Steam consumption = W — 2N x 60 V 


” ai 


1,400 lb. per hour. 


Case /. Throttle Governing . Values of p mt I.H.P., and W may be 
calculated for various values of the initial pressure p v all other 
conditions being kept constant. In this way the following figures 
will be obtained— 


Pl 

Pm 

I.H.P. 

ir (lb. per hr. 

100 

56-9 

G8-9 

1,400 

80 

42-6 

51*4 

1,135 

70 

35-3 

42-7 

1,000 

60 

28-1 

34 

852 

40 

13*8 

16*7 

584 


Case II. Cut-off Governing. Values of p m , I.H.P. and W may 
be calculated for various values of the expansion ratio r with the 
constant value p l = 100 and all other conditions constant. 

In this way the following figures are obtained— 


1 

r 

Pm 

I.H.P. 

1 V (lb. per hr.) 

0-333 

56-9 

68-9 

1,400 

0-25 

47-0 

57-6 

1,100 

0-20 

40-8 

49-4 

903 

0-15 

33*1 

40 

716 

0-1 

24-2 

29-3 

617 
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Corresponding values of W and I.H.P. can be plotted as in Fig. 
154, which clearly indicates the theoretical advantage of cut-off 
governing over throttle governing. 

The Actual Indicator Diagram. We will now consider how the 
actual indicator diagram varies from the ideal. If tho boiler 
pressure is represented by the height of the line AB y Fig. 515, the 
pressure in the cylinder at the beginning of the stroke will be 
somewhat less, as at F, because a certain difference of pressure is 
necessary to produce a flow of steam from the boiler to the engine 
cylinder. As the stroko proceeds there will generally be a slight 
fall of pressure, as shown at FO , owing to wire-drawing through the 



/. H. P 


Fig. 154. Comparison of Throtti.e and Cut-off Governing 

steam ports. The point of cut-off will not be sharp but rounded off 
as at 0. This ware-drawing at cut-off will be more marked in the 
case of a slide valve, where cut-off is not instantaneous, than in the 
case of a Corliss or a drop valve provided with a trip mechanism, 
where cut-off is performed much more quickly. Release must 
occur at H before tho end of the stroke, owing to wire-drawing 
through the exhaust ports, thus causing a rounding off of the toe 
of the diagram. During the exhaust stroke tho pressure in the 
cylinder will be somewhat higher than that of the condenser in the 
case of a condensing engine, and somewhat higher than atmospheric 
pressure in the case of a non-condensing engine. The exhaust valve 
closes at some point K , before the end of the exhaust stroko. Tho 
reason for this is twofold. In the first case the steam left in the 
cylinder forms a cushion, which gradually brings the piston to rest 
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and thus obviates the shock on the bearings which would otherwise 
be produced- In the second case, the resulting increase of pressure 
reduces the amount of live steam necessary to bring the pressure 
at the beginning of the working stroke up to the admission pressure. 
Owing to wire-drawing effects, the live steam is admitted just 
before the end of the exhaust stroke at L , the pressure produced by 
cushioning up to this point being thus raised to the admission 
pressure by the time the piston has arrived at the end of the exhaust 
stroke. 

The effect of wire-drawing is obviously to decrease the area of the 
diagram, that is, the work done by the engine is decreased. This, 



Volume, 

Fig. 155. Comparison between Theoretical and Actual 


Indicator Diagrams 

however, is to some extent compensated for by thf fact that wire¬ 
drawing or throttling dries the steam slightly. 

The effect of clearance would, at first- sight, appear to be simply 
to increase the steam consumption, as before the steam at admission 
can do work it must raise the pressure from that at the point L 
to that at the point F but, from p. 425, we can see that 
clearance increases the mean effective pressure and thus increases 
the work done. The net effect of clearance, however, is to decrease 
the efficiency. The increase in steam consumption due to clearance 
can be reduced by making tho point of cushioning earlier, and thus 
increasing the pressure obtained at L when the live steam is admitted 
to the cylinder. Earlier cushioning, however, obviously decreases 
the area of the diagram, that is, the work done is lessened. 

We will now discuss the admission and expansion curve FQH. 
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During the exhaust stroke the cylinder and piston have been in 
contact with steam at a low pressure and a corresponding lower 
saturation temperature than the temperature of the live steam. 
If the steam on admission is dry saturated it must give up heat to' 
the walls of the clearance space, and hence a certain amount of 
initial condensation takes place. This initial condensation will, of 
course, be greater the larger the amount of clearance surface exposed 
to the incoming steam. The condensation of the steam continues 
for a short time after cut-off, due to the fact that energy is being 
taken out of the steam as work is done. As the expansion proceeds 
the pressure drops and hence the saturation temperature falls, 
eventually below the temperature of the cylinder walls, thus causing 
re-evaporation to take place during the latter portion of the working 
stroke. This re-evaporation is increased at release, due to the 
sudden pressure drop and the consequent drop in saturation tem¬ 
perature at the end of the stroke. This re-evaporation may be 
enough to make the steam left in the cylinder during the exhaust 
stroke practically dry. If the steam wore admitted to the cylinder 
in a superheated condition this effect of condensation and re-evapo¬ 
ration would be modified, for the cooling effect of the clearance 
surface would be to lower the temperature of the steam and not to 
condense it until the saturation temperature was reached. 

The Diagram Factor k. From the previous paragraph it is obvious 
that the ideal mean effective prossure obtained from the expression 

Pm = Pi 

will in general be greater than the actual mean effective pressure 
obtained in an engine. In order to obtain the probable actual 
mean effective pressure p at we must multiply the ideal value p m 
by a factor k. Thus p a = kp m . 

The value of the diagram factor to be used in any particular case 
depends, as we have seen in the last paragraph, on a number of 
considerations. The particular formula used for calculating p m 
will affect the value of k. Again, the value will depend on the 
condition of the steam, the initial pressure, the back pressure, 
the speed of the engine, the type of engine, the type of valves, 
whether the cylinder is jacketed or not, etc. 

An average value for k for a simple slide valve condensing engine 
is about 0*8 ; for a compound condensing engine 0-7 ; for a 
compound condensing engine using superheated steam 0-65. 

Example 4. A double-acting steam engine has a single cylinder of diameter 
33| in. by 3*25 ft. stroke, and develops 600 I.H.P. at 100 r.p.m. Assuming a 
diagram factor of 0*82, find the ratio of expansion if the initial steam prossure 
is 165 lb. per sq. in. absolute and the back pressure 2 lb. per sq. in. absolute. 

In this case a rough estimate may be made by assuming no 
clearance and no compression. 
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The actual M.E.P., or p a , is given by 

T , , p a LA2N 

Indicated horse-power = 

uO,UUU 

where N — the revolutions per minute for a double-acting engine. 
600 X 33,000 


Pa = 


3-25 X 200 X 861 


= 35 3 


Also, p a = k j^- 1 (1 + log, r) - p,j 
where k is the diagram factor. 


and 


353 
•' 0-82 


= 43 = ~ (1 + log, r) - 2 

/. 155 + 155 log, r = 45r 
31 + 31 X 2-3 logjo r = 9r 
. 9r - 31 

°^ 10r = 71^3 = X 


Take different values of r and plot values of log r and x, and so 
find r — 12, which makes log r = x. Therefore ratio of expansion 
r = 12 . 


Example 5. A non-condensing steam engine with a single cylinder has to 
dovelop 76 H.II.P. Determine from tlio data given below tho diameter of the 
cylinder and tho stroke of the piston. 

(1) Boilor pressure, SO lb. by gauge. 

(2) Cut-off steam occurs at 28 per cent of piston stroke. 

(3) Clearance volume, 6-5 per cent of volume swopt by piston. 

(4) Piston speed, 750 ft. per min. 

(6) Diagram factor, 0-S8. 

You are to assume hyperbolic expansion and that the stroke of the piston 
is 1*5 times tho diameter. IU.L., B.Sc. {Eng.), 1917.) 

Let atmospheric pressure be 15 lb. per sq. in. absolute. 

Then boiler pressure p { = 80 + 15 = 95 lb. per sq. in. absolute 


Mean effective pTO »„r„ - ft, - ft ( ) + (a + 1) log. ft-* ] -ft 

x 7 — + a 

\ r J 

= 95 j 028 +(0-065 +0-28)2-3 log 10 ) - 15 

= 48-5 lb. per sq. in. 

Actual M.E.P. = p a = 0-88 X 48-5 = 42*7 lb. per sq. in. 


Piston speed = 2 LN — 750 ft. per min. (for a double-acting 
engine). 
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If we assume a mechanical efficiency of 90 per cent, then 


I.H.P. 


B.H.P. 

M.E. 


75 

0-9 


= 83, say 


Now I.H.P. 


p a LA2N 

33,000 


33,000 x 83 
42-7 x 750 


. ty * Ax 85-5 1A . . 

.. Diameter = /—— = 10-4 in. 

Stroke = 1*5 X 10-4 = 15*6 in. 


85-5 sq. in. 


Application of the Saturation Curve to the Indicator Diagram 
(the Missing Quantity). The weight of working substance (steam 



Fio. 156. Application of Saturation Curve to Indicator 
Diagram 


and water) in the cylinder at any point between cut-off and release 
is made up of the clearance steam and the stuff which is admitted 
to the cylinder between admission and cut-off, that is— 

Weight of sluff = weight of clearance steam + cylinder feed, 

where the cylinder feed is the weight of stuff passing through the 
cylinder per stroke. 

If a pressure volume curve for this weight of dry saturated steam 
were plotted from the steam tables on to the indicator diagram, 
some such curve as AB, Fig. 15b, would be obtained, the reason 
being that the stuff in the cylinder would not in general be dry 
saturated. 

The volume of the water is negligible compared with that of the 
steam, and hence CD represents the volume of steam in tho cylinder 
at the point D. Were all the stuff in tho cylinder at this point dry 
saturated steam, its volume would bo equal to CE. Hence tho 
dryness fraction of the working substance in the cylinder at the 
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point D is measured by . It will thus be evident that the 

L/Jb 

indicator diagram, while accounting for that part of the working 
substance which is steam, gives no indication of how much water is 
present, unless the saturation curve is drawn on it. The volume of 
steam represented by DE is called the missing quantity. To apply 
the saturation curve we must know the weight of the clearance 
steam and the weight of the cylinder feed. 

The weight of the clearance steam can be found from the indicator 
diagram as follows : it has been explained that just after the 
beginning of cushioning the steam left in the cylinder is practically 
dry. Let F t Fig. 150, be a point just after cushioning. Then OF 
is the volume of the clearance steam at a pressure represented by 
FK. Hence if W = weight of 1 cu. ft. of dry steam at the 
pressure represented by FK , then 

Weight of clearance steam = (Volume represented by OF) X W 


Steam tables may not always give values of W, but they generally 
give values of V y the volume of 1 lb. of dry saturated steam 
at various pressures. Obviously then, weight of clearance steam 
Volume (OF) 

= y . 


If the cylinder feed is now known, the saturation curve AB for a 
we ight of dry saturated steam equal to weight of (clearance steam 
+ cylinder feed) can be drawn on the indicator diagram. 

If all the steam that passed into the steam chest of the engine 
also passed through the cylinder, and none leaked past the valve 
or the piston, then the cylinder feed could be measured by weighing 
the condensate in the case of a condensing engine. Experimental 
evidence, however, goes to show that there is a certain amount of 
leakage past the valve and the piston, and hence, in this case, if the 
saturation line AB be drawn from the weight of condensate, then 
the missing quantity I)E will not only be due to condensation but 


also to leakage. 


In this case, 


0 £ 
CE 


will no longer accurately represent 


the dryness fraction in the cylinder. 


Example 0, Tho following results were obtained by measurements taken 
on an indicator card from a double-acting steam engine. 

(1) Immediately after cut-off— 

Volume — 3-37 cu. ft. ; pressure — 178 lb. per sq. in. absolute. 

(2) Immediately after compression has begun— 

Volume = 1-03 cu. ft. ; pressure — 57 lb. per sq. in. ab9oluto. 

The spoed of tho engine was 105 r.p.m. and the measured steam supply per 
minute was 405-3 lb. Find the missing quantity in pounds per minute. 

(T.L., B.Sc. (Eng.), 1917.) 

Volume of 1 lb. of dry steam at 57 lb. per sq. in. 

= 7*539 cu. ft. (from tables) 



434 


APPLIED THERMODYNAMICS 


weight of cushion steam = 

= 0-137 lb. (assuming steam is dry) . 


Weight of steam passing through cylinder per stroke 


405-3 
2 x 105 


1-93 lb. 


weight of stuff in cylinder just after cut-off 

= 1-93 + 0-137 = 2-067 lb. 


Volume of 1 lb. of dry steam at 178 lb. per sq. in. 

= 2-59 cu. ft. (from tables) 

3-37 

Indicated weight of steam just after cut-off = -= 1-301 lb. 

ju‘o y 


missing quantity = 2-067 - 1-301 = 0-766 lb. per stroke 
= 0-766 X 2 x 105 = 161 lb. per min. 

It should be noted that this is the missing quantity at the 
beginning of the expansion. Owing to re-evaporation during expan¬ 
sion tin- missing quantity at 
the end of expansion would 
generally become less. This 
quantity could be calculated 
if the indicated pressure and 
volume just before release were 
known. 

The Steam Jacket. We have 
seen in a previous paragraph 
that the steam in a steam 
engine cylinder is wet during 
expansion. This condensation can be reduced to some extent by 
steam jacketing the cylinder. It must be remembered, however, 
that although by this means the actual expansion curve on the 
indicator diagram can be brought nearer to the saturation curve, 
steam must be used to pass through the jacket. 

Let us first consider the theoretical case where dry saturated 
steam is supplied to the engine and this steam is kept dry throughout 
the cycle by means of a steam jacket. The law of the expansion 

1 ? 

curve can be taken as PV ib = constant. 

Let A BCD, Fig. 157, be the cycle, there being no clearance. 
Then, work done during the cycle = Area A BCD 

= ABEO + EBCF - DCFO = P H V u + -gijL.1 £sLs~P e V c 

OH' , n C C 
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= 16(P B F b - P c F c ) work units = ~j(P B F„ - P c F c ) heat units 

The heat taken from the boiler = Total heat at B = H B 

(measured from 0 ° C.) 

The heat taken in from jacket = Q 
The total heat rejected = Total heat at C = H c 

net heat taken in = H B + Q - H c 

H t + Q-H c -mZllMs± 

J 

heat taken in from jacket during cycle is 

Q = 1 C .( P B V B ~ P C V c) + H H 


Let Q' = heat taken in from jacket during expansion. Then work 
. P V - P V 

done during expansion = _5—®2— £ = 15 (P B V B - P C V C ) 

J !- 1 

Heat in steam at B = II B ; and heat in steam at C = H c 

q: + // B = } 5 S?*Y*j :. p ' Vc ) + h c 
• 1 + h c -h b 


In the above equations the values must be calculated for the 
total amount of steam in the cylinder. In this case, as there is no 
clearance, this will be the weight of cylinder feed. 

In practice, even if steam w T ere dry on entering the cylinder, it 
would be wet at cut-off owing to initial condensation. The clearance 
steam can be found from the indicator diagram, and if the cylinder 
feed is known, then the total weight of stuff in the cylinder can be 
obtained, and hence the dryness fraction just after cut-off and just 
before release can be calculated. The values of pressure and 
volume just after cut-off and just before release being found from 
the indicator diagram, the value of n in the expansion law PV n 
== constant can be calculated. Values of total heat of the stuff at 
cut-off and release are calculated from the equation H = h + xL } 
and hence the amount of heat supplied by the jacket during 
expansion can be found. 

Example 7. The pressure indicated at cut-off in the cylinder of a jacketed 
steam engine is 76 lb. per sq. in. absolute, the volume is 0*45 cu. ft. and the 
dryness fraction of tho steam is 0*73. If tho values of pressure and volume 
at release are 34*2 lb. per sq. in. and 1*05 cu. ft., find tho hoat which passes 
through tho cylinder walls during expansion. Assume PV n — constant. 

i5-(T.5434) 
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Volume of 1 lb. of dry steam at 75 lb. per sq. in. absolute is 
5*83 cu. ft. 

indicated weight of steam at cut-off is 
Indicated volume at cut-off 0*45 - 

-5*3-= 5*3 = 0 077 lb - 

weight of stuff in cylinder during expansion is 

Indicated weight of steam 0 077 

-^-t— 7~' - = yrwhr = 0105 lb. 

Dryness fraction 0*73 

Volume of 1 lb. of dry steam at 34*2 lb. per sq. in. absolute is 
12*16 cu. ft. 

volume of stuff in cylinder at release if all were dry is 
12*16 X 0*105 = 1*277 lb. 


Dryness fraction at release is 


Indicated volume of steam 1*05 

Volume of stuff if it were all dry 1*277 


= 0*823 


From the steam tables the following values are obtained— 


p (lb. per sq. in. absolute) 
75 „ „ „ 

34-2 . 


h (C.H.U.) 

L (C.H.U.) 

154-07 

504-38 

125-82 

523-26 


x (dryness fraction) 
0-73 
0-823 


Heat in steam just after cut-off 

= 0*105(154*07 + 0*73 X 504*38) = 54*84 lb. calories 

Heat in steam just before release 

= 0*105(125*82 + 0*823 X 523*26) = 58*43 lb. calories 


Now the value of n in the law for expansion PV n = constant 
is found from 


n — 


log Pi ~ log Pi __ log 75 - log 34*2 
log v 2 - log v, log 1*05 - log 0*45 

Work done during expansion 

144(75 x 0*45- 1*05 X 34*2) 


= 0*927 


1,400(0*927- 1) 


= 3*04 lb. calories 


Heat in steam just after cut-off + Heat supplied from steam 
jacket = Heat in steam just before release + Heat equivalent of 
work done. 


Heat supplied from steam jacket is 

58*43 + 3*04 - 54*84 = 6*6 lb. calories 
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The Heat Balance in a Steam Engine. The equation of steady 
flow, namely, 

/ U 2 - U 2 \ 

H 1 -H t + Ay ~Yg ~ j = AW + Q 

holds for any heat appliance, and hence can be applied to the 
steam engine. 

The velocities U x and U 2 in the admission and exhaust pipes of 
the steam engine are both comparatively small enough to be 
neglected, and henco we have for the steam engine the relation 
H x - // 2 = A W + Q, that is, the difference between the total heat H x 
in the admission pipe and the total heat // 2 in the exhaust pipe is 
equivalent to the work done AW in the engine, together with the 
heat lost Q to the surroundings. It must be noted that Q is the 
whole amount of heat lost between the two points where H x and H 2 
are measured. It can be reduced in practice by lagging the steam 
cylinder. If the loss of heat Q could be reduced to zero then 
H x - H 2 = A W , that is, the work done in the engine is equal to the 
actual total heat drop in the steam in passing from the admission 
pipe to the exhaust pipe. 

This actual heat drop in a practical case is not the same as the 
adiabatic heat drop for the admission and exhaust pressures. For 
this to be*, the case, two conditions must be fulfilled. In the first 
place no heat must pass from or to the surroundings, and secondly 
all processes through which the steam passes must be reversible. 
Now in a practical cast', although we may consider the heat lost Q 
as negligible, the process through which the steam passes in the 
cylinder is by no means reversible. As we have seen, owing to 
initial condensation and re-evaporation, there is a constant inter¬ 
change of heat between the steam and the cylinder walls. This 
takes place while the steam is at a different temperature to that of 
the walls, and hence, although there may not be any loss of heat to 
the surroundings, yet the action is an irreversible one. In the 
next place, throttling or wire-drawing taking place in the steam 
and exhaust ports involves internal friction, which also produces 
an irreversible action. Both these effects, therefore, reduce the 
actual heat drop to a value less than the corresponding adiabatic 
heat drop. 

If, therefore, we assume that no heat is lost to the surroundings in 
a practical case, the efficiency ratio of the engine, wffiich is measured 

, Work done . , Actual heat drop 

^ Adiabatic heat drop ma ^ ° ex P resse ^ Adiabatic heat drop* 


If there is a quantity of heat Q lost to the surroundings, then 
work done AW = H x - H t - Q } 


and the efficiency ratio = 


Actual heat drop - Q 
Adiabatic heat drop 
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Application of the Indicator Diagram to the Temperature-Entropy 
Chart. If a temperature-entropy chart is provided with constant 
volume and constant pressure lines it is a comparatively simple 
matter to transfer the indicator diagram of a steam engine to the 
T-<f> chart. It must be remembered that, while the indicator 
diagram represents the actual weight of the steam in the cylinder 
between cut-off and release, the T-(j> chart is drawn for 1 lb. of 
stuff. 

The expansion line can be transferred direct from one chart to 
another if the saturation line is drawn on the indicator diagram. 
Thus, in Fig. 158, the dryness fraction for any point b on the P- V 




cib 

diagram between cut-off and release is measured by —. Hence, if 
a’ c ' and ac are at corresponding pressures, and is made equal 

to the point b' on the T-(f> chart will correspond to the point b 

on the P-F chart. In this way the whole expansion line may be 
drawn. For any other point the weight of stuff in the cylinder 
during expansion (including clearance) must be calculated as shown 
in a previous paragraph. If this weight be W, then, volume to be 

plotted on T-<p chart =-^————. Having in this way 


corrected the volumes from the P-F chart to volumes corresponding 
to 1 lb. of working substance, each pair of values of pressure and 
volume can be plotted on the T-f> chart, by the aid of the constant 
pressure and constant volume lines. 

Boulvin’8 Method of Drawing the T-<f> Diagram. In this method 
four scales for entropy, temperature, pressure, and specific volume 
are drawn from a common centre (7, Fig. 159. 

The following curves are now drawn in the four sections so 
obtained— 


Section I. The curves connecting temperature and entropy for 
water {A) and for dry saturated steam (B). 

Section II. The curve connecting temperature and pressure for 
dry saturated steam (C). 
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Section III . The curve connecting pressure and specific volume 
for dry saturated steam (D), 

The weight of stuff in the cylinder during expansion must now 
be calculated as shown in a previous paragraph. Knowing this 
weight W , the volumes on the indicator diagram can now be reduced 
to volumes corresponding to 1 lb. of stuff, and the indicator diagram 
so reduced can be drawn in Section III of the chart. 

The indicator diagram so obtained for 1 lb. of stuff can be trans¬ 
ferred to Section I as follows. In Section I draw any constant 



pressure line ab and produce it across to cut the pressure tem¬ 
perature curve C in c. From this point c drop a vertical line to 
cut the pressure volume curve D in d. Draw a horizontal line 
through d and a vertical lino down through b to cut one another 
in e. Project a vertically down to cut the entropy scale at a'. 

A little thought will show that the point e on the volume scale 
measures the volumo of 1 lb. of dry steam of a temperature and 
entropy given for the point 6. The volume of 1 lb. of stuff corre¬ 
sponding to a can be taken as zero, as it is there all water. Hence, 
if we join ea' we obtain a line ea' which gives tho volume of 1 lb. 
of stuff at a pressure and temperature corresponding to the point b 
for all conditions from dry steam to water. The two points on the 
indicator diagram corresponding to this pressure are / and 
Hence, if we project these two points / and /' across to g and g\ 
and then up to k and k\ we obtain the points k and k f on the T-<f> 
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chart, corresponding to the points / and /' on the P- V chart. By 
proceeding thus for various pressures, the wholo T-<f> diagram may 
be obtained. 

Compound Engines. The tendency in modern practice is to use 
higher and higher boiler pressures. This makes it necessary to have 
a large ratio of expansion which, if carried out in a single cylinder, 
would be uneconomically and practically disadvantageous. In the 
first place the large ratio of expansion would necessitate a very 
early cut-off and a very large and heavy cylinder, because not only 
would it be necessary for the cylinder to accommodate the large 
volume of steam at the low exhaust pressure, but the walls would 
have to be thick enough to withstand the high initial pressure. 
The initial stress on the moving parts at the beginning of the 
stroke would also be excessive, and heavy moving parts would be 
necessary. Again, with a single cylinder engine the turning moment 
on the crankshaft is very variable, and a heavy flywheel would bo 
required to even out the variation of torque during the cycle. 
Another disadvantage would be the amount of initial condensation, 
which, of course, increases with the temperature variation of the 
cylinder walls, which increases with the difference of pressure of 
incoming and exhaust steam. 

By dividing the pressure drop between two or more cylinders, 
the cut-off in any one of the cylinders is reduced, the low pressure 
cylinders need not have such thick walls, while, as the range of 
stress on any one piston is reduced, the moving parts may bo of 
smaller dimensions. By arranging the cranks at 90° to one another 
in the case of two cylinders, or at 120° in the case of three cylinders, 
the torque on the crankshaft will be more uniform during the cycle. 
This, however, is not the case if the cranks are in line or at 180° to 
one another. 

The reduction of initial condensation is duo in the first case to 
the smaller pressure difference in any one cylinder, and secondly to 
the fact that, as evaporation occurs during the exhaust stroke, the 
steam leaving one cylinder is practically dry again as it enters the 
succeeding cylinder. 

Compound engines have two, three, or four cylinders. Two- 
cylinder compound engines may have the two cranks at 0°, 180°, 
or 90° to one another. In the first case there need be only one 
crank, the two pistons being in tandem on tho same piston rod. 
In this case, and in the case where the cranks are 180° apart, the 
two pistons are at the end of their respective strokes at the same 
time, and hence the steam can be exhausted from the high pressure 
cylinder directly into the low pressure cylinder, the two cylinders 
being connected throughout the stroke. In this case there will be 
continuous expansion throughout the stroke in the low pressure 
cylinder and no independent cut-off. When an independent cut-off 
in the low pressure cylinder is required, or when the cranks are 90° 
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apart, a receiver must be provided between the two cylinders. 
This receiver takes the steam from the high pressure cylinder and 
holds it until the low pressure cylinder is ready to draw from it. 
The pressure in the receiver will obviously vary throughout the 
stroke, according to the supply of steam from the high pressure 
cylinder and the demand of the low pressure cylinder. In modern 
engines the receiver volume is generally amply provided for by the 
connecting pipe and low pressure steam chest between the cylinders. 
Receiver space is also necessary for triple expansion engines where 
the three cranks are 120° apart. 

Initial A & 



Fig. 160 . Theoretical Indicator Diagram for Compound Engine 


Two-cylinder Compound Expansion . In Fig. 160, let ABODE 
represent the hypothetical pressure-volume diagram for the com¬ 
plete expansion in a two cylinder compound engine, neglecting 
clearance and compression, and let the pressure at the point F be 
the mean receiver pressure. It has already been pointed out that 
the receiver pressure will vary throughout the stroke. If the 
volume of the receiver space is large compared with that of the 
cylinders we may assume that the receiver pressure remains constant 
throughout the stroke. In this case ABGF will represent the P-V 
diagram for the high pressure cylinder and FGCDE will represent 
the P - V diagram for the low pressure cylinder. The stroke volume 
of the low pressure cylinder is independent of the value of the 
mean receiver pressure, that is, it is not affected by the position of 
the line FG which divides the diagram up between the two cylinders. 
In other words, the stroke volume of the low pressure cylinder is 


such as if the total number of expansions 


ED 

AB 


takes place in the low 
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pressure cylinder alone, and it is not affected by the ratio of the 
ED 

cylinder stroke volumes It will be noticed that in this case, 

where the volume of steam in the low pressure cylinder at cut-off, 
namely FG, is the same as the stroke volume in the high pressure 
cylinder, there is complete expansion (BG) in the high pressure 
cylinder. In practice, however, for reasons which will appear later, 
there is generally a drop of pressure at release in the high pressure 
cylinder, as shown at HE, Fig. 161. 

For the purposes of calculation it is generally assumed that the 
expansions BH and GC in the two cylinders lie on the same curve, 


A B 



Fig. 101 


and the law assumed for this curve is that for hyperbolic expansion, 
namely, PV = constant. 

Ratio of the Cylinder Volumes (R). The total number of expan- 

ED 

sions in the engine is represented by the ratio -- , Fig. 161. The 

number of expansions in the high pressure cylinder is represented 
FK 

by -|-g, or the cut-off in the high pressure cylinder is represented by 

ALB 
FK * 

Hence the cylinder volume ratio = R = x 

J FK AB FK 

= Total number of expansions X Cut-off in high pressure 

R 

or, Total number of expansions, r = „ -^— r-r—. - 

Cut-off in high pressure 
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Distribution of the Pressure Drop Between the Two Cylinders . Let 
p x = initial pressure in high pressure cylinder ; p r = receiver pres¬ 
sure ; p b = exhaust pressure. 

In determining the receiver pressure, two conditions are desirable. 
In the first place, the initial load on the piston exerted by the steam 
at the commencement of the stroke should be approximately the 
same for the two cylinders. That is— 

AF X Area of high pressure = FE X Area of low pressure (Fig. 161), 
. . . . Area of low pressure 

1,6 ~~ ^ b Area of high pressure 


If tho stroke is the same for the two cylinders, the ratio of the 
areas will be the same as the ratio of the cylinder volumes R . 

Hence, in order that the initial loads on the two pistons should 
be equal (p x - p r ) = (p r - p b ) R. 

The second condition is that the work done in the engine should 
be equally divided between the two cylinders. 

Now work in a cylinder per stroke 

= Mean effective pressure X Stroke volume 

Hence, for equal distribution of work, and assuming the simplest 
formula for the mean effective pressure, we have 

“ (1 + logs rj)-p r = j^- (1 + log e r t ) R 

If clearance and compression are known, the more complicated 
formulae for the mean effective pressure may be used. 

The two conditions just discussed cannot generally be satisfied 
when the exy>ansion curve is continuous, as in Fig. 160, and hence 
a compromise is made by having a pressure drop at release in the 
high pressure cylinder as at HK f Fig. 161. 

Example 8. Estimate tho cylinder dimensions of a compound steam 
engine to develop 500 I.H.P. at 120 r.p.m. Initial pressure 120 lb. per sq. in. 
absolute, back pressure 41b. per sq. in. absolute, allowable piston speed 
500 ft. per min., cylinder ratio 3*5, diagram factor 0*85, cut-off in high pressure 
cylinder at 0*4 stroke. If tho point of cut-off in tho low T pressure cylinder is 
at 0*53 stroke, determine tho approximate low' pressure receiver pressure and 
compare tho initial loads on tho tw T o pistons. Assume no clearance. 


Total number of expansions 


Cylinder volume ratio (R) 
Cut-off in high pressure cylinder 


= n-I = 8-75 
0-4 

Mean effective pressure for whole engine = y (1 + log fi r) - p b 

« (1 + 2*3 logjo 8 75) - 4 = 39-5 lb. per sq. in. 

8*75 
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.*. actual mean effective pressure = K X 39-5 = 0-86 X 39*5 


I H.P. 


PLA2N 
33,000 * 


where 2 LN 


= 33-6 lb. per sq. in. 
= 500 ft. per min. 


33,000 X I.H.P. 
P X 2 LN 


33,000 x 500 
33-6 x 500 


982 sq. in. 


Diameter of low pressure cylinder 


/982 X 4 
~ V 314 ~ 


35-4 in. 


35*4 35*4 

Diameter of high pressure cylinder = —-— = = 18-93 in 

VR \/3'5 



Hence, the diameter of high pressure cylinder is 19 in. ; diameter 
of low pressure cylinder, 35 J in. ; and the stroke, 25 in. 

Fig. 162 shows the hypothetical indicator diagram for the engine 
taking the stroke volume of the low pressure cylinder as unity. 

To find the value of p r we have, for the point A 
p a v a = 120 x ~ 

pressure at B = p r = X ~ = 25-9 lb. per sq. in. 
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. Load on high pressure piston __ (p x -p r ) (120 - 25*9) 
Load on low pressure piston (p r - p b ) R ~~ (25-9 - 4)3*5 

_ L22 
~ 1 

Governing o! Compound Engines. We will consider three cases, 
namely, governing by throttle, by variation of cut-off in the high 
pressure cylinder, and by variation of cut-off in the low pressure 
cylinder. For simplicity, consider an engine with a cylinder volume 
ratio of 5 : 2, and with cut-off in the high pressure cylinder at full 



load of 1/2. Let the back pressure in the low pressure cylinder 
be zero 

Figs. 103 (A,B and C) illustrates the three cases, the full load dia¬ 
grams being ABDEF , ahdef, a'b'd'e'f' respectively, the dividing line 
between the high pressure and low pressure diagrams being GC , gc f 
and g'c f respectively. 

Case /. Throttle Governing. Suppose the full load pressure FA 
reduced to half by throttling, that is, to FG, the cut-off in each 
cylinder remaining the same. The light load diagram will become 
GHLEF. The high pressure work will be reduced from A BCG to 
GHKM and the low pressure work will be reduced from GCDEF 
to MKLEF. 

Case II. High Pressure Cut-off Governing . Suppose for the light 
load the cut-off in high pressure is reduced from 1/2 to 1/4, the initial 
pressure and the cut-off in low pressure remaining constant. The 
light load diagram will become ahlef , tho high pressure work 
becoming ahkm , which is not very different from abcg f while the 
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low pressure work is reduced from gcdef to mklef. Governing by 
varying the cut-off in the high pressure cylinder will therefore 
reduce the proportion of the work done in the low pressure cylinder , 
on light loads. With condensing engines at very light loads this 
may cause the average pressure in the low pressure cylinder to fall 
below that necessary to overcome the back pressure and the fric¬ 
tional resistance, thus reducing the efficiency of the engine. 

A comparison of the diagrams Figs. 163 a and 163 b shows that the 
high pressure cut-off governing is more economical than throttle 
governing. The light load diagrams for the low pressure cylinder, 
namely, MKLEF and mklef , are the same in each case, the release 

pressure LE or le also 
being the same. Hence 
the same volume of steam 
at the same release pres¬ 
sure is exhausted from 
the engine in each case, 
whereas work done with 
throttle governing is 
represented by OHLEF , 
while the work done with 
high pressure cut-off 
governing is represented 
by the larger area ahlef. 

Case III. Law Pres¬ 
sure Cut-off Governing. 
Suppose the high pressure 
cut-off is kept constant at 
1 /2, while the low pressure 
cut-off is changed from 
2/5 to 3/5. By this change of cut-off the high pressure work is 
increased from a'b'c'g' to a'b'c'k'm', while the low pressure work is 
decreased from g'c'd'e'f to m’Vd , ef \ Fig. 163c. Thus, by making the 
cut-off in the low pressure cylinder earlier, the total work done by the 
engine is only slightly affected, buT^he proportion of the total 
work done in the low pressure cylinder is reduced, while the work 
done in the high pressure cylinder is increased. 

Example 9. Obtain the ratio of cylindor aroas for a compound steam 
engine receiving steam at 100 lb. per sq. in. absolute and exhausting at 3 lb. 
per sq. in. absolute. Cut-off in high pressure at 0*4 stroko and low pressure 
at 0*06 of stroke. Take the clearance in each case as l /10 of tho volumo swept 
through by piston. Assume the cylinder feed to be 0-6 lb. per stroke and the 
weight shut in the high pressure and low pressure cylinders to be 0 06 and 0’03 
respectively. Draw tho probable combined diagram, putting in the inter¬ 
mediate pressure line so that tho work shall be approximately equally divided 
between the cylinders. Estimate the horse-power of tho combined engine 
and the steam used per horse-power hour. Assume a dryness fraction of 
0*76 in the high pressure cylinder for initial condensation. 

(U.L., B.Sc. ( Eng .). 1920 .) 


a! b' 




STEAM CYCLES AND THE STEAM ENGINE 447 


The diagram, Fig. 164, is obtained in the following manner— 
Weight of stuff in high pressure cylinder at cut-off (B) 

= cylinder feed + clearance = 0-6 + 0 05 = 0-65 lb. 
The dryness fraction at B = 0*75. 

Volume of 1 lb. of dry steam at 100 lb. per sq. in. = 4*451 cu. ft. 

indicated volume at B = 4*451 x 0*75 x 0*65 = 2*17 cu. ft. 
Now the volume AB = 0*4 x stroke volume of high pressure. 

AB 

,\ Stroke volume of high pressure = 



Fig. 164 

Also, AB + Clearance of high pressure = Volume at B = 2*17 

. n , Stroke volume of high pressure _ 
j.e. AB H-j-j—-= 2*17 

A R 

AB + --- - - = 2*17 volume AB = 1*736 cu. It. 

0*4 x 10 

1*736 

/. Stroke volume of high pressure = —--7- = 4*34 cu. ft. 

0*4 

Clearance volume of high pressure is 0*434 cu. ft., and indicated 
volume at E = 4*34 + 0*434 = 4*774 cu. ft. 

For the work to be equally distributed between the cylinders 
we have 
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where, from the question, p L 


100 \ Pb 3 ’y 


I = 0-4 = 0-66; 

?i r t 


a *= 01 ; R = cylinder volume ratio. 

100 j 0-4 + 

= {j>, ^0-66 + (0-1 + 0-66)2-3 log 10 - 3j R 


(0-1 + 0-4)2-3 


i.e. 79-4 -p r = (0-941 p r - 3)R .(1) 


To find R. Let V be the stroke volume of low pressure ; then 
volume FC — 0-66 V. 


indicated volume at C = V c = volume FC + clearance volume 

of low pressure = 0-66 V + 01 V = 0-76 V. V = 

r 0-76 


Now PJ\ = 100 X 217, and P C V C = P B F B . V c 


217 _ 217 
K ~ Pr 


stroke volume of low pressure = F = — 


217 


0-76 0-76 p r 

... . , t"> Volume of low pressure 

cylmder volume ratio R = 77 -.-n-r—- 

Volume of high pressure 


_ 217 ^ 1 _ 

~ 0*76 X 4-34 


65^8 

Pr 


Substituting this value of R in equation ( 1 ), wo have 

firj.Q 

79-4 - p r — (0 941 p r - 3) 

Pr 

65*8 

whence p r = 25*3 lb. per sq. in. ; R = r = 2*6 

ZO'S 


Stroke volume of low pressure = 

Volume of point D = 
Volume of point C = 

Pressure at D — 


2-6 X stroke volume of high pressure 
2-6 x 4-34 = 11-284 cu. ft. 

11-284 + 1-128 = 12-41 cu. ft. 

217 __ 2T^ 
p r ~ 25^3 
217 


8-577 cu. ft. 


12-41 


= 17-5 lb. per sq. in. 


The volumes at H and L can be obtained if we assume that the 
steam at these points is dry. 

Then, volume at H = weight of clearance steam in high pressure 
multiplied by specific volume of steam at 25 lb. per sq. in. 

= 0-05 x 16-29 = 0-815 cu. ft. 
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Volume at L = weight of clearance steam in low pressure multi¬ 
plied by specific volume of steam at 3 lb. per sq. in. 

= 0 03 x 118-6 = 3-56 cu. ft. 

Assuming PV = constant for the compression curves, the pres¬ 
sures at M and K can be found. 

Horse-power. Assume speed at N r.p.m. 

In the high pressure cylinder, mean effective pressure = 79-4 - 25-3 
from Equation (1) = 54*1 lb. per sq. in. 

PLA2N 

Horse-power = -7——— (A being in square inches) 


33,000 
54*1 X 4-34 X 144 


X 2 V = 2-05V 


33,000 

In low pressure cylinder mean effective pressure 

= 0-941 X 25-3 - 3 = 20-8 lb. per sq. in. 

. „ , , 20-8 X 11-28 X 144 OAT 

.. Horse-power per stroke —- - - X 2 N = 2-05 N 

00 ,OOO 

Total horse-power = 4-1V, and 

Cylinder feed X 2 N X 60 


steam consumption 


Horse power 
0-6 X 2N X 60 


4-1V 


= 181b. per H.P. hour 


EXAMPLES X 

1. An engine tftkoa in dry saturated steam at 801b. per sq in. absolute, 
and exhausts at 151b. por sq. in. absolute. Determine the work done per lb. 
of steam and the efficiency when working on (a) the Carnot cycle and (6) the 
Rankine cycle. ( I.Mech.E ., 1925.) 

• 2. Compare the Rankine and Carnot cycles for a vapour like steam, illus¬ 
trating your answers with sketches of the pressure-volume, and temperature- 
entropy diagrams. Obtain an expression for the work available per lb. of 
steam by an engine working on the Rankine cycle. A steam engine takes 
in steam at 100 lb. per sq. in. absolute, and exhausts it at 5 lb. per sq. in. 
absolute. Assume that its efficiency ratio using the Rankine cycle standard 
is 62 per cent, and ostimate its steam consumption per I.H.P. hour. 

(I.Mech.E., 1923.) 

3. Explain why the increase in efficiency obtained by using superheated 
steam in reciprocating engines is more than the gain which would be expected 
from oonsideration of the increase in efficiency of the corresponding Rankine 
oyole. 

A steam engine, working over a constant pressure range of 90 to 14-7 lb. 
per sq. in. absolute, has a constant ratio of expansion, and is supplied with 
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steam at various degrees of superheat. The steam consumption was observed 
to be as follows— 


Temp, of stoam supply 0 C. 

dry 

202° 

245° 

290° 

Steam per I.H.P. hour, lb. 

. 42-0 

37-4 

32-3 

27-1 


Plot curves showing the variation with degroo of superheat of the actual 
efficiency and the Rankine efficiency. (U.L., B.Sc. ( Eng.), 1923.) 


4. Explain why the Rankino cycle rather than the Carnot cycle is employed 
as the standard with which to compare the performance of actual steam 
engines. 

In an efficient steam engine plant tho boiler supplies tho engine with dry 
saturated steam at a pressuro of 180 lb. per sq. in. absolute. If tho condenser 
pressure is 3 lb. per sq. in. absolute, calculate tho Rankine efficiency of the 
engine and, selecting your own values for the boiler efficiency, the mechanical 
efficiency, and the efficiency ratio, estimate the probable overall efficiency 
of t^e plant from coal to brake. (U.L., B.Sc. (Eng.), 1926.) 

6. Steam reaches a turbine at a pressure of 180 lb. per sq. in. absolute, and 
v 2,pier cent wet, but before entering tho nozzlo chest it is throttled to a pressuro 
^of 1201b. per sq. in. absolute. In the turbine it expands to 20 lb. ]x»r sq. in. 
absolute, with an efficiency ratio of 55 per cent. The steam flow amounts 
to 5-2 lb. per sec. Determine (a) tho condition of tho steam at exhaust, 
and (6) the power developed by the turbine. ( U.L ., B.Sc. (Eng.), 1921.) 

6. State what is meant by the “ Willans Line.” A steam engine governed 
by throttling, uses 1,180 lb. of steam per hour when developing 55 I.ll.P., 
and 4,8001b. per hour when developing 280 I.H.P. Find tho approximate 
thermal efficiency of tho ongino when developing 200 I.ll.P., assuming tho 
steam supplied to be dry and saturated at 180 1b. per sq. in. absolute, and 
the back pressure to be 2 lb. per sq. in. absolute. (/ .Mech.E., 1926.) 

* 7. Explain what is meant by tho “ Willans Line.” Tho test results from 
a turbine governed by throttling can bo represented by a line whose equation is 

0 = 00021 N + 1*15, 

where O is lb. of steam per second, and N is horse-power. The maximum 
power is 5.000 H.P., and the conditions of steam supply at this load are 200 lb. 
por sq. in. absolute, and 100° F. superheat. Throttling is at constant heat 
and the condenser pressure is 1-0 lb. per sq. in. absolute. Assuming that the 
steam pressure varies directly as tho steam flow, calculate the efficiency ratio 
of the turbine at one-third powor. (I.Mech.E., 1924.) 

8. Calculate the cylinder diameter and stroko of a doublo-acting stoam 

engine that will dovolop 120 I.H.P. under the following conditions : initial 
pressuro 80 lb. per sq. in absolute ; back pressure, 16 lb. per sq. in. absolute ; 
revolutions per minute, 100 ; average piston speed, 500 ft. per min. ; cut-off 
at 0*4 stroke. Take tho diagram factor as 0-85. (1 .Mech.E., 1925.) 

9. A single cylinder double-acting steam engine has a piston diameter 
of 11 in., a stroke of 18 in., and the clearance volume is 8*5 per cent of the 
swept volume. The steam supply is at 70 lb. per sq. in. gauge pressure, and 
the oxhaust at atmospheric pressure (30 in. of mercury). Cut-off is at 40 per 
cent of the stroke and compression at 80 por cent. Assuming that the actual 
indicator card has an area 90 per cent of that of the theoretical card having 
hyperbolic expansion and compression, find the indicated horse-power of the 
engine when running at 185 revolutions per min. ( U.L., B.Sc. (Eng.), 1925 .) 
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10. Show how tho “ missing quantity ” in a steam engine cylinder may 
be determined for any point of the stroke between cut-off and release. 

Determine the “ missing quantity ” at cut-off from the following particulars : 
cylinder diameter, 12 in. ; stroke, 30 in. ; clearance 8 per cent of volume 
swept by piston, consumption at 104 R.P.M. ; 2,490 lb. of steam per hour. 


Event 

Fraction of stroke 

Pressure 

Cut-off . 

0-26 

112 lb. per sq. in. abs. 

Compression 

0-82 

24 lb. per sq. in. abs. 


( I.Mech.E 1924.) 


11. The effective volume of tho cylinder of a steam engine is 0*92 cubic ft., 
and the clearance volume is 8*5 per cent of this volume. The weight of steam 
in tho cylinder at half stroke is 0-063 lb., and the pressure is 42 lb. per sq. in. 
absolute. Tho steam expands hyporbolically to 0-95 stroke. Calculate the 
final dryness of the stoam, and determine the number of heat units that pass 
through the walls into the cylinder during expansion. 

(U.L., B.Sc. [Eng.), 1922.) 

12. Calculate tho cylinder diameter and stroke of a compound engine to 
develop 400 I.H.P., under the following conditions. Admission pressure, 
165 lb. per sq. in. absolute ; back pressure, 2 lb. per sq. in. absolute ; revolu¬ 
tions per minute, 120; average piston speed, 720 ft. per min. ; number of 
expansions, 15 ; diagram factor, 0 85 ; cut-off in H.P. at 0-27 stroke. How 
would you fix the point of cut-off in the L.P. cylinder ? 

( I.Mech.E ., 1925.) 

13. A compound steam engine is to develop 125 horse-power at 110 revolu¬ 
tions per minute. The steam supply is at 105 lb. per sq. in. absolute, and 
the condenser prossuro is 31b. per sq. in. absolute. Assuming hyperbolic 
expansion, an expansion ratio of 15, a diagram factor of 0*7, and neglecting 
clearance volumo and receiver losses, determine tho diameters of the cylinders 
so that they may develop equal powers. The stroke of each piston may be 
taken equal to the low pressure cylinder diameter. 

{U.L. y B.Sc. (Eng.), 1922.) 

14. Tho two cylinders of a compound steam engine have the same stroke, 
and the ratio of piston diameters is 1-8. Assuming hyperbolic expansion, 
and neglecting clearance, find tho point of cut-off in the low pressure cylinder, 
which will theoretically give maximum efficiency if the cut-off in the high 
pressure cylinder is at half stroke. 

A series of trials on this engine made at approximately constant speed, and 
in which tho point of low prossuro cut-off was varied gave result as follows— 

Steam supply dry and saturated at 92 lb. per sq. in. absolute. 

Condenser pressure 2-75 lb. per sq. in. absolute. 

L.P. cut-off . . 0-225 0-254 0-339 0-350 0-508 0-67 

B.H.P. . . . 49-0 57-0 66-6 66-1 54-4 47-6 

Steam per hour, lb. . 1,060 1,214 1,180 1,165 1,190 1,090 

Plot on a low pressure cut-off base a curve of thermal efficiency (B.H.P. 
basis). (U.L., B.Sc. ( Ei\g.) t 1924.) 



CHAPTER XI 

STEAM NOZZLES 

Velocity after Expansion Through a Nozzle. If steam is allowed to 
expand through a suitably shaped nozzle, part of the heat energy 
in the steam may be converted into kinetic energy. In order to 
investigate the process let us consider the equation of steady flow, 
the heat appliance in our imaginary enclosure being a nozzle. The 
ideal nozzle, being an appliance to convert heat energy of the steam 
into kinetic energy, should neither gain heat from nor lose it to the 
surroundings, and no external work should be done by the expansion. 
Therefore, in the equation of steady flow (p. 53), 

H^Ht+A ^—t ^AW + Q 

both W and Q are zero. 

TJ 2 _ TJ 2 

Hence —= J(H l - H % ) 

A9 

This equation shows that the gain in kinetic energy is equal to 
the change in total heat of the fluid, J being introduced, as both 
sides of the equation must be expressed in the same units. 

If, for the sake of simplicity, we assume that the initial velocity 
U x is negligible compared to the final velocity U 2i then 

U 2 = y/2gJ(H x -H t ). 

If, in addition to the assumption that there is no heat transfer 
from or to the enclosure and surroundings, we also assume absence 
of friction, then at first sight it would appear that H 1 - H 2 is the 
adiabatic heat drop for the difference in pressure considered. It 
will be shown, later on, that the ordinary type of adiabatic expansion 
so far considered does not, in general, happen in the practical case 
of expansion through a nozzle ; but it will be convenient to assume, 
in the first instance, that this type of expansion does take place. 

Hence the velocity of steam leaving a nozzle is 

V = V2 gJ (Adiabatic heat drop in the nozzle) 

If we, therefore, wish to find the velocity obtained by expansion 
through a nozzle from a pressure P x to a pressure jp t , then the 
adiabatic heat drop between these two pressures must be either 
calculated by first finding the dryness fraction after expansion, 
and hence the value of the total heat after expansion, or it may 
be read off the H-<f> chart direct. 


452 



STEAM NOZZLES 


453 


Example 1 . Dry saturated steam, at a pressure of 200 lb. per sq. in. 
absolute, expands adiabatically through a suitably shaped nozzle to a final 
pressure of 2 lb. per sq. in. absolute. What is the final velocity of the steam ? 


Initial total heat = 669*69 C.H.U., at 200 lb. per sq. in. (from 
Table I). Dryness fraction after expansion 


-( io g, £-;+£) 


T , 


( 2 


= 12 3 


. 467-46 , 472-2 \ 325-37 „ QO 

X 0gl ° 325-37 + 467-461566-51 _ °' 788 


Total heat after expansion 

= H 2 = h + zL, at 2 lb. per sq. in. (from Table I) 

= 52*16 + (0*788 X 566*51) = 498*6 C.H.U. 

Adiabatic heat drop H A - H 2 = 669*69 - 498*6 = 171 C.H.U. 

This heat drop can be measured directly on the H-(f> chart. The 
initial state point is given by the intersection of the 200 lb. per 
sq. in. pressure line with the saturation line. A vertical line through 
this point will cut the 2 lb. per sq. in. pressure line at the final 
state point. The vertical distance between these two points, 
measured on the total heat scale, gives the heat drop. 

Then velocity U = yfIgJ (heat drop) 

= V2 X 32-2 X 1,400 X 171 = 3,926 ft. per sec. 


The velocity may also be expressed in terms of pressure and 
volume. It has already been shown that if a fluid expands according 
to the law PV n = constant, the value of the heat drop f c H l - H 2 ) 
for an expansion from pressure 1\ to pressure P 2 is given by 


VdP = n (P l V 1 - P 2 V 2 ). (See Eq. 1, p. 144) 


£' _ 

Hence U 2 = J'2g * U _ (}\ V, - P 2 V t 


V ip \ i V 

But ~ = Ijn , and substituting for 

This formula should give the same value for U 2 as that calculated 
from U % = V2 gJ (adiabatic heat drop) 
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The two values will not be quite the same for, as we have already 
seen, the value to be taken for n when steam expands adiabatically 
is not definite. If the initial state of the steam is taken as dry 
saturated then the value n = 1-135 may bo taken. 

Area of Cross-section of Nozzle. Let the area of cross-section of 
the nozzle at the point where the pressure is P 2 be A 2 sq. ft. If the 
weight of steam passing per second be M lb., then the total volume 
of steam passing the point considered is M V 2 cu. ft. per sec., where 
V 2 is the specific volume of the steam at that point in cubic feet 
per pound The total volume of the steam passing per second is 
obviously also given by A 2 U 2 cu. ft. 



From this equation, if M is known, the area of the nozzle at any 
point where the pressure is P 2 may be calculated. 

Another method for finding the nozzle area is as follows. We 
have, as before, 

A 2 U 2 = MV 2 

and U t = V2gJ (//, - //,) 


If the dryness fraction x after expansion to the pressure P t is 
found,then 

v t = xv, t 

where V at is the specific volume of dry saturated steam at the 
pressure P t 

Hence, 

Example 2. Find the shape of a nozzle of circular cross-section to expand 
dry saturated steam from a pressure of 200 lb. per sq. in. absolute to a back 
pressure of 21b. per sq. in. absolute. Assumo frictionless adiabatic expansion, 
with the pressure falling uniformly along the nozzle. Discharge 10 lb. per 


M _ U t _ V 2gJ (H 1 - H t ) 
A t V t xV n 




The figures are shown in the table on p. 456. The values of the 
dryness fraction were obtained from the U-<f> chart. The values of 
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heat drop from an initial pressure of 200 lb. per sq. in. down to the 
various back pressures were also obtained from the H-<f> chart. 

The values of V, for dry saturated steam were obtained from 
the tables. 



In Fig. 165 the values of specific volume, velocity and discharge 
per unit area are shown plotted with the axis of the nozzle as the 
horizontal co-ordinate. The section of the nozzle obtained by 
plotting the various values of D along the axis of the nozzle is 
also given. 
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Nozzle fob Frictionless Adiabatic Flow of Steam 


Pressure 

P 

Ib./sq.in. 

Dryness 

fraction 

X 

Heat Drop 

c*£u* 

Velocity 

U 

ft./9ec. 

Vs 

cu.ft./Ib. 

Specific 

Volume 

V = xVs 
cu. ft./lb. 

Dischargo 
per unit 
M U 

arca T“r 

lb./sq. ft. 

Area 

A 

sq. ft. 

Diameter 

D 

ft. 

200 

1 





__ 


_ 

190 

0-995 

2-9 

511 

2-435 

2-423 

211 

0-0475 

0-246 

180 

0-992 

5-0 

671 

2-562 

2-54 

264 

0-0378 

0-219 

150 

0-98 

12-5 

1,061 

3-041 

2-98 

! 356 

0-0281 

0-189 

100 

0-954 

31-5 

1,685 

4-451 

4-25 

397 

0-0252 

0-179 

50 

0-915 

60-5 

2,335 

8-520 

7-80 

300 

0-0334 

0-206 

40 

0-904 

69 

2,494 

10-50 

9-49 

263 

0 0381 

0-220 

30 

0-89 

80-5 

2,695 

13-74 

12-23 

220 

0-0455 

0-241 

20 

0-873 

95 

2,926 

20-08 

17-53 

167 

0-0600 

0-277 

10 

0-847 | 

119 

3,275 

38-39 

32-52 

101 

0-0990 

0-355 

6 

0-828 

135-5 

3,494 

01-91 

51-25 

68 

0-1470 

0-433 

2 

0 794 

168 

3,891 

173-50 

137-76 

28-5 

0-3520 

0-670 


From these curves it will be seen that at the higher pressures the 
specific volume V increases at first slowly as the pressure drops, 
while the velocity JJ increases at a greater rate. As the expansion 
proceeds the increase of the specific volume V becomes greater than 
the increase of velocity U. Hence, as we proceed from the high 
pressure end to the low pressure end of the nozzle, the area A, 


which is proportional to decreases to a minimum and then 


increases. In other words, the nozzle is of a convergent-divergent 
section. The point of the nozzle where the area is a minimum is 
called the throat. From the curve it will be seen that the pressure 
at the throat is about 115 lb. per sq. in. The ratio of the pressure 


115 

at the throat to the initial pressure is jr— 

/(X) 


= 0-57, approximately. 


The conditions at the throat will now be considered more fully. 

Conditions at the Throat. At the throat, where the area is a 
minimum, the mass of steam passing per second per unit of area is 
a maximum. 


x-fcft|(ftHftf-') 

For any given initial conditions the variable quantity in this 


must be a maxi¬ 
mum. 


(ft) 


and 


equation is ^ . Differentiating with respect to 

equating to zero, we have 

l(ft)-‘-’^- , (ft)--' = o 

This particular value of P 2 the pressure at the throat. If we 
call this pressure P t , we have 

P t I 2 \JL. 

Py (« + 1 )"'* 
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From this equation it follows that the throat pressure is dependent 
solely on the initial pressure and the value of n. 


If this value of i 

velocity, namely, 


is substituted in the general equation for 


ve for the value of the velocity at the throat 


1 


2 g 


n + 1 


PyVy 


The specific volume of the steam at the throat 


V t = V , 


(£) ; 


1 1 /P ( \I IT/ 2 \_2_1I 1/2 \_1_ 

' V t - V x (pJ" ~ V 1 [(n+l)" 1 ]"- ^(n + l)"' 1 

The mass of steam passing per second per unit area at the throat 
A, V t ~ Vy \n+ 1/ ^n + l 11 


' / 2 ' 

Py 

?n (n+l, 

!-r: 


From this equation it follows that, provided the final pressure 

/ 2 \ n 

is not greater than P t = P x ( — --r |» - i, the mass of steam passing 

\ n + V 

per second through a convergent-divergent nozzle is dependent 
solely on the initial conditions of the steam and the throat area, 
and is independent of the final pressure at the end of the nozzle. 
This pressure is called the critical pressure. Thus, the addition of 
the divergent part of the nozzle after the throat does not affect the 
discharge of the nozzle, but it does affect the final velocity of the 
steam. This final velocity will be determined from the equation 




where P 2 is the pressure at the end of tho nozzle, the value of P t 
being determined by the final area of tho nozzle, provided the back 
pressure outside the end of the nozzle is not greater than this value 
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of P % so determined. If the final back pressure is lower than the 
critical pressure the nozzle will be convergent-divergent. If the 
back pressure is equal to or higher than the critical pressure, then 
the nozzle should be convergent only and the mass flow through 
such a nozzle will be determined by the final mouth area of the 
nozzle. 

The Value of n. The Zeuner equation for n in the adiabatic 
expansion of steam is n = 1035 + O la:, and gives a value of 1135 
for n for originally dry saturated steam. If this value of n is 
substituted in the equation 

p - - (dnj A x p ‘ 

we obtain for the critical pressure, P t = 0-577/^ 

If the same value of n is substituted in the equation 


M 1/2 \'i ±JI\ 

aT J gn \nr+ 'i ) n ' 1 v t 


in 


we obtain M = 3*604 A t j ; A t being in square feet, P 1 i 

pounds per square foot, and M in pounds per second. 

If p is in pounds per square inch and A t in square inches, this 

reduces to M = 0-3003 A 


'•Jr; 


Now, for dry saturated steam 
16 

Vi^i Vo = 490, where p is in pounds per square inch. 
Substituting this value of V x in the above equation, 

21 

M = 0 0mA t p™ 


an equation connecting the discharge M in pounds per second and 
the throat area in square inches for a convergent-divergent nozzle 
with steam initially dry and at a pressure p x lb. per sq. in. 

As will be seen later, the values of M determined from these 
equations are not confirmed by practical measurement, showing 
that ordinary adiabatic expansion does not take place. 

We must now consider the case where superheated steam is 
expanded. 

The value of n for the adiabatic expansion of superheated steam 
is given by Callendar as 1-3. If this value is substituted in the 

equation P t = 

we obtain for the critical pressure P t =* 0-5457 P v 
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If the same value of » is substituted in the equation, 


M 

A 


r 1/2 \Vl±1P 1 


'we obtain M — 3*786 A t ; A t being in square feet; P x in 
poqnds per square foot; M in pounds per second. 


V The Effect of Friction in a Nozzle. If there were no friction during 
expansion through a nozzle, then, assuming the expansion were 
adiabatic, the expansion line would be AB and a6, Fig. 166. The 
heat energy transformed into kinetic energy would be represented 

by the area ABDE. This area is J* V dP = H K - H B ; where H k 
and H b are the total heats at A and B respectively. 



Fig. 166. Tiie Effect of Friction in a Nozzle 


In a practical case, however, there is friction between the fluid 
and the sides of the nozzle, as well as dissipation of energy due to 
eddies being formed in the fluid itself. At any point in the expan¬ 
sion, some of the energy which, in the absence of friction would be 
in the form of kinetic energy, has been dissipated in overcoming 
friction and reappears in the form of heat. At this point, therefore, 
there is less kinetic energy and more heat energy than would be 
the case in frictionlcss flow. The specific volume of the fluid will 
be greater than in the case of frictionless flow, and the actual 
expansion curve would be some curve AC on the P- V chart, Fig. 166. 
Owing to the loss by nozzle friction the expansion is not reversible, 
and hence there will be a progressive increase in entropy ; the actual 
expansion on the H-<f> chart follows some such curve as ac> the final 
state point c being on the constant pressure line through 6. From 
the H-(f> chart we see that, owing to friction, the actual heat drop 
is reduced from ab to ac', and honce the final kinetic energy generated 
will be less than in the case of frictionlcss adiabatic flow. The H-(f> 
chart also shows that the effect of friction is to re-heat the fluid, the 
final state of the steam being drier in the case of wet steam, and 
at a higher temperature in tho case of superheated steam, than 
would be the case in the absence of friction. 
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Considering the P-F diagram, Fig. 166, the amount of heat energy 
converted into kinetic energy with frictionless flow is represented 

f PA 

by the area ABDE — V dP. 

JPb 

With frictionally resisted flow the heat energy converted into 
kinetic energy is not represented by the area ACDE. To illustrate 
this, consider the cycle ABC on the P- V diagram, Fig. 166. Starting 
at the state point A, and allowing the steam to expand with fric¬ 
tional resistance along AC, there will be a certain amount of kinetic 
energy generated due to the expansion. Let this be K. In order 
to pass from the state point C to the state point B, heat must be 
extracted from the fluid at constant pressure. This amount will 
be H c -H b . On compressing the steam back to its original con¬ 
dition at A along BA, the energy required will be the same as the 
kinetic energy obtained by expanding from A to B without friction, 
namely, H A - H B . Since tho fluid has passed round a closed cycle 
and returned to its original condition, 

Energy taken out = energy put in 
i.e. K + H c -H b = H a -H b 

is. K = (II A - H b ) - (// c - II B ) 

f i>A 

Now, H a - H b is represented by the area ABDE = V dP 

JPj} 

The kinetic energy produced with friction, therefore, is less than 
that produced without friction by the amount (H c - H B ). This 
amount is represented on the H-(f> chart by c'b. It also follows that 
K = H a ~ II c is the actual heat drop, represented on the H-<f> chart 
by ac'. 

The nozzle efficiency e n may be defined as the ratio of the heat 
equivalent of the kinetic generated in the expansion to the isentropic 
heat drop. Thus in Fig. 166 

r ^ K H a -II c 

" //«~ a, //«-“#» 

If the initial velocity of the steam entering the nozzle can be 
neglected compared with the final velocity U leaving the nozzle then 

IP 

~ 2g.J{ir a ~H h ) 

Example 3. Find tho throat and exit diameters of a convergent-divergent 
nozzle which will discharge 1201b. of steam per hour from a pressure of 
1201b. per sq. in. absolute into a chamber having a pressuro of 301b. per 
sq. in. absolute. Assume tho steam is originally dry saturated and that the 
flow is abiabatic (a) without friction, (6) with tho friction loss in the divergent 
part of the nozzle equal to one-tonth of the total heat drop. What will be 
the final velocity of the steam in each case ? 
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(a) Frictionle88 Adiabatic Flow. To find the throat area we may 
use the formula 


jL-o.&)3 J* 


where M = lb. per sec., and V x = 3-751^ cu. ft. 

per lb. (from Table I). 


Area of throat A t 


30 x 0-3003 


Q.7^1 

“120 = 0 0196 sq. in. 


Diameter of throat D 


J 


4 x 0-0196 


0158 in. 


As the steam is originally dry saturated, the throat area may 
also be calculated from t,hp. finna|jnn 


M = 00165 A#*- 
120 


= 60 ~ X 60 X 0-0165 X —11 = 0 01955 8 T in - 
120 “ 

To find tho exit area wo may use the equations 


whence 


M L n 1\ UP t \l /P,\5+J 

A\~ J 9 n-i FidpJ" (pj " 


A, . 




2 x 32-2 x 1 135 {/ 30 


30\?!i 5 


— 1135 - I - -- I 1135 


= 1*34 


Area of outlet A 2 = 1-34 x 0 0196 = 0-0263 sq. in. 
whence diameter of outlet = 0-183 in. 

From the H-<f> chart the final state of tho steam is given by the 
point 6, Fig. 167, showing a dryness fraction of 0*92. 

Heat drop for expansion ab = 60-1 C.H.U. (from H-(j> chart). 

Velocity at exit U % = V2 gJ (heat drop) 

= V2 x 32-2 x 1,400 X 60-1=2,328 ft. per sec. 




462 


APPLIED THERMODYNAMICS 


It should be noted that the exit area could be calculated from 
this value of U t , using the equation 

U % A t = M X V, X dryness fraction x 
where V a is the specific volume of dry saturated steam at 30 lb. per 
sq. in. 


A t — 


MxV. 


X X = 


120 

60 X 60 


X 


0-92 X 13-74 
2,328 


X 144 


U , 

*= 0*0261 sq. in. 

(6) Frictionaily Resisted Flow. As the frictiqp is only in the 
divergent part of the nozzle, tho throat area is the same as in the 



Fig. 167 . Frictionless Adiabatic Flow Through Nozzles 


first case. To find the exit area we cannot use the formula con¬ 
taining n as we do not know its value. The actual heat drop with 
friction 

= 0-9 X 60*1 = 64 09 C.1I.U. 


the final velocity 

U % = V2 X 32-2 x 1,400 X 54-09 = 2,208 ft. per sec. 

The dryness fraction at exit may be obtained from the H-<f> chart 

as follows. Find the point c' (Fig. 167) such that c'6 = — o6. Draw 

a horizontal line through c' to cut tho 30 lb. per sq. in. pressure line 
in c. This point will Bhow the final state of the steam to be in 
this case 0*932. 


Exit area = 


M x V a 


120 


0*932 x 13*74 


X 144 


U t 60 X 60 \ 2,208 

= 0-0278 sq. in., whence diameter of exit = 0-188 in. 
Supersaturated Expansion in Nozzles. As already pointed out, if 
the value of n for dry saturated steam is taken as 1-136 the value 
of the discharge calculated from the equation 


M = 3*604 A, 
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is less than the discharge actually measured by experiment, although 
the calculated discharge from this theoretical equation, which 
assumes the absence of friction, should obviously be greater than 
the discharge obtained in practice where friction is present. This 
fact seems to show that the usual type of adiabatic expansion, 
where there is at any point during the expansion an equilibrium 
mixture of vapour and liquid, does not take place. It is now 
generally assumed that supersaturated expansion takes place. This 
type of expansion has already been touched on in a previous 
paragraph (page 398), but we must now go further into the 
matter. We have already seen how this type of expansion can be 
shown on the T-(f> chart, and we will 
now indicate it on the chart. 

Let AB and CD, Fig. 168, be two 
constant pressure lines at P x and 
P, lb. per sq. in. respectively. It will 
be remembered that these lines are ^ 
curved in the superheated region 
and straight in the wet region. The 
ordinary type of adiabatic expan¬ 
sion will be represented for a pressure 
drop from P l to P t by the vertical 
line EF. Supersaturated expansion 
will be represented by EO, where 
0 is the point on the continuation of the curved portion CC' of the 
constant pressure line CD into what is normally the wet region. 
In this case of supersaturated expansion wo must imagine a state 
of affairs in which the saturation line, which normally divides the 
superheated region from the wet region, has no existence. Under 
these circumstances, at the point G , after supersaturated expansion, 
tho fluid will be a homogeneous gas, whereas, had the ordinary 
adiabatic expansion taken place, the state of the fluid given by the 
point F would have been that of a wet mixture. It should be 
remembered that the temperature in the state indicated by the point 
G will be lower than the saturation temperature corresponding to 
the pressure P 2 . 

Supersaturated expansion does not, however, proceed indefinitely. 
As we have already seen, the density of supersaturated steam at 
any point in the expansion is greater than it would be at the same 
point had the expansion proceeded under ordinary adiabatic con¬ 
ditions. The limit of supersaturation is attained when the density 
of the supersaturated vapour is about eight times that of the 
ordinary saturated vapour at the corresponding pressure. As soon 
as this limit is reached, the vapour will begin to condense and will 
eventually become an equilibrium mixture of vapour and liquid. 
The time taken for this condensation is a debatable point and is too 
complicated for discussion here, but for the present purpose we may 



D <t> 

Fio. 168 
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assume that, when the supersaturation limit is reached, condensation 
to the proper equilibrium mixtures takes place instantaneously. 

The limit of supersaturated expansion was first shown by the 
experiments of C. T. R. Wilson in 1897, and the subsequent work 
of H. M. Martin has enabled a curve, termed by him the Wilson 
line, to be applied to the H-<f> chart. If expansion is carried below 
this line it can be here assumed for practical purposes that 
instantaneous condensation takes place when the Wilson line is 
reached. Such an expansion is shown in Fig. 169. 

Suppose expansion takes place from a pressure P x to a pressure 
P 3 . The first stage of the expansion AB is supersaturated, the 
point B being the intersection of the curved extension of that 

constant pressure line P 2 which 
cuts the Wilson line vertically 
below A . At this point condensa¬ 
tion takes place. If this is in¬ 
stantaneous it will take place at 
constant pressure, and as there is 
no heat interchange, the total 
heat will remain constant, and the 
condensation is represented by 
the horizontal line BC. When 
equilibrium is attained by con- 
(f, densation there will be a quantity 

Flo of heat available due to the con¬ 

densation. This heat will cause 
the steam to be drier at C than at E, the point which would have 
been reached had ordinary adiabatic expansion taken place down 
to the pressure P 2 . The remainder of the expansion is indicated by 
CD , this being ordinary adiabatic expansion. The actual state of 
affairs is more complicated than this, but with the present state of 
knowledge, for practical purposes, the steam may be considered to 
attain the equilibrium condition as soon as the Wilson line is reached. 

As we have already seen, (p. 400) during supersaturated expansion 
the same equations held as in the case of adiabatic expansion of 
superheated steam, namely, 

p 12 

P(F- 6) 1 * 8 = constant; —^ = constant; T 3 (F- b) = constant 
ji T 

It will be remembered that the temperature of supersaturated steam 
at any particular pressure during the expansion is lower than tho 
saturation temperature corresponding to this pressure. The degree 
of undercooling at a pressure P 2 due to supersaturation can therefore 
be obtained by first finding the temperature T t from the equation 


7\ 3 T t z 
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and then subtracting this temperature from the saturation tem¬ 
perature corresponding to the pressure P t . 

In order to calculate the total heat of supersaturated steam we 
may use the Callendar equation (p. 384) 


H = 


p(V -0-0123) 


+ 464 calories 


2*2436 

p being in pounds per square inch, and V in cubic feet. 

The critical pressure and discharge of a nozzle with supersaturated 
steam will be the same as in the case of superheated steam, namely, 


P t = 0*5457 P l9 and M = 3*786 A 


•ft 


The value of the discharge calculated from this equation will be 
4 or 5 per cent greater than the discharge actually obtained by 
experiment. 

Heat Drop in Supersaturated Expansion. The heat drop between 
two pressures P x and P % can be calculated from the equation for 
total heat just given, the value of V for the lower pressure being 
calculated from the equation 

P 1 (F 1 -6) 1 -3 = P 2 (7 2 -6)‘> 

The value of 6 = 0*01602 cu. ft. can be neglected for elementary 
purposes. 

From previous work we know that the heat drop 

tr.vdP » (P.r.-p.r.) 

—1 - j - 

where w = 1*3. 

This gives another method of calculation. 

A third equation in terms of pressures can be obtained as follows 
P(F-fc) 1 - 8 = P 1 (F 1 -6) I -» 

( p \ io 

-b) + b 

Heat drop, 

10 

Px l3 (V 




10 


WWH2 [pfi-pfi] 


+ J (P l -P t ) 


Example 4. Explain what is meant by the supersaturated expansion of 
steam and give some idea of the limits within which this condition is possible. 
8team is expanded from a pressure of 60 lb. per sq. in. absolute and 170* C. 
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to a pressure of 20 lb. per sq. in. absolute. If the expansion is supersaturated 
and oceurs with a friotion loss of 5 per cent, determine the actual and isentropio 
drops and degree of undercooling. 

For the supersaturated state you may use tho approximate Callendar 
equations— 

„ 2*2436 (H - 464) P A 4 , DT71 a 

V — - - - -; ~~ — constant; and PV 1Z — constant 

^ T~ 

Take the specific heat as 0*62. Volume of 1 lb. of steam at 60 lb. per sq. in. 
and 170° C. is 7*686 cu. ft. (C/.L., B.Sc. ( Eng, .) 1921.) 

Supersaturated Flow. PV 1 * = K 

IP \— 

specific volume alter expansion F, = j 13 V\ 


- 0 * 


* X 7-686 = 17-89 cu. ft. 


But 


2-2436 (H - 464) 


total heat before expansion, 

xj VP , AOA 7-686 x 60 , ACA ^ ftcr , „ TT 

H ' = *2436 + 464 = 2-2 4 36 + 464 = 6696 ° H U ‘ 

total heat after expansion 

heat drop (without friction) == 669-5 - 623-6 = 46 C.H.LJ. 
actual heat drop = 0-96 x 46 = 43-7 C.H.U. 

The heat drop (without friction) can also bo calculated from the 
equation 

rsztzai.) 

1-3 /60 X 7-686-20 X 17-89 \ 


_ 1*3 /€ 
0*3 \ 


1,400 


7*89 j 


X 144 = 46 C.H.U. 


Isentropic Flow. Total heat before expansion, H x = 669-6 C.H.U. 
Dryness fraction after expansion 


+£ + c ’ 1 °*fr)z! 

^2-; 


01 417-89 , 610-22 , . „ 00 . 443 

3l°gxo o'qi.ov + rPToo + X 2-3log 10 


13_\ 38b; 

•89 j 633-: 


381-97 
87 


'381-97 ' 417-89 - - 417 

= 0-969 

.'. Total heat after expansion 

H t ’=h t + xL 2 wm 108-95 + 0-969 x 533-87 = 621-14 C.H.U 
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.*. isentropic heat drop (with friction) 

= 09 5(H 1 - H 2 ) = 095 (669-5 - 621-1) = 46 C.H.U. 

P 

Degree of Undercooling . —^ = constant. 

rpT 

Temperature after supersaturated expansion 

(^)^r su = X 443 = 343-8° C. (abs.) 

But saturation temp, at 20 lb. per sq. in. (abs.) = 381*97° C. (abs.). 

undercooling = 381-97 - 343-8 = 38-2° C. 

■4&ample 5. A nozzle is supplied with steam at 100 lb. per sq. in. absolute 
pressure and 275° C. Find the temperature and velocity of the steam at 
the throat of the nozzle. 

If the diverging portion of the nozzle is 2 in. long and the throat diameter 
1 in., determine the angle of the cone so that the steam may leave the nozzle 
at 16 1b. per sq. in. absolute. Assume a friction loss of 16 per cent of the 
heat drop used in this diverging part. ( U.L., B.Sc. (Eng.), 1924.) 

Saturation temperature for 100 lb. per sq. in. = 164*28° C. 

amount of superheat = 275 - 164-28 = 110-72° C. 

First find the state of the steam after ordinary adiabatic expansion 
to 15 lb. per sq. in. from the H-<f> chart. A vertical line drawn from 
the intersection of the 275° C. temperature line with the 100 lb. per 
sq. in. pressure line (or of the 110-72 superheat line with the 100 lb. 
per sq. in. pressure line) will cut the 15 lb. per sq. in. pressure line 
at a point where the dryness fraction is 0-982. An H-<f> chart on 
which the Wilson line is drawn will show that this point is above 
this line. Hence the whole expansion may bo taken as super¬ 
saturated. 

The critical pressure, P t = 0-5457 P x = 0-5457 X 100 = 64*57 

Hence, temperature at throat, 

T , = Tl = (“ic?) 75 x (276 + 273) “ 476 ' 5 °°- (ab9 ) 

temperature at throat, T t = 476-5 - 273 = 203*5° C. 

The temperature of saturation at 54*57 lb. per sq. in. = 141*4° C. 

degree of superheat at throat = 203*5 - 141*4 = 62*1° C. 

(This temperaturo can be read direct from the H-<f> chart, from the 
point of intersection of the vertical expansion line with the 54*57 lb. 
per sq. in. pressure line.) 

To obtain the velocity at the throat, the heat drop from 100 lb. 
per sq. in. to 54*57 lb. per sq. in. is required. 

Total heat of superheated steam at 100 lb. per sq. in. and 275° C. 
(i.e. 110*72° of superheat), 

H x = 720*42 C.H.U. (by interpolation from tables) 

x6—(T.5434) 
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Total heft of superheated steam at 54-67 lb. per sq. in. and 203-5°.. 
C. (62-1° of superheat), 

H t = 686-92 C.H.U. 

Heat drop H 1 -H i = 720-42 - 686-92 = 33-50 C.H.U. 

(This value can be read direct from the H-<f> chart.) 

.\ Velocity at throat = V2 gj (heat drop) 

— V2 X 32-2 X 1,400 X 33-5 = 1,738 ft. per sec. 


Now V 


2-2436 (H - 464) 


+ 00123 


specific volume at throat 
_ 2-2436 (686-92 - 464) 
~ 54-57 


+ 0-0123 = 9-18 cu. ft. 


Using suffixes t and e for throat and exit respectively (neg¬ 
lecting friction), 

P,jy-* = P e V e 1# , and V e = (jrj 1 * Vt 

= (TK 

Total heat at exit, H t (neglecting friction) 

_ 0 0123) 


3 x 9 18 = 24-77 cu. ft. 


2-2436 
15(24-77-00123) 
2-2436 


+ 464 

+ 464 = 629-52 C.H.U. 


Heat drop between throat and exit (no friction) 

= 686-92 - 629-52 = 57-4 C.H.U. 
actual heat drop in diverging portion 
= 0-85 x 57-4 = 48-8 C.H.U. 

But heat drop in converging portion = 33-5 C.H.U. 

total heat drop along nozzle = 33*5 + 48-8 = 82-3 C.H.U. 
final velocity = V2gJ heat drop 

== V2 x 32-2 X 1,400 X 82-3 = 2,724 ft. per sec. 

Now MV = UA ; ^ X 

U 4 V t 

Diameter at exit _ lA l IV, U t 

Diameter at throat \ A t U, F, 

. 1 /24-77 1/738 „ OOD . 

.. Diameter at exit = - / ^24 x = ln- 
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fence if 


j. , f t j 0 : 328%25 
<p = angle of cone, tan 9 = —^——— 

I Y I 

= 00195 

and <f> = 1 ° 6 ' 


The Steam Injector. The principles of the steam nozzle may be 
applied to the steam injector, although in what follows it must be 
understood that the given formulae are only approximate. The 
action of the injector is illustrated diagramatically in Fig. 170. 

Steam from the boiler is supplied to the convergent nozzle A, 
and this steam issuing at a high velocity into the combining tube is 



condensed by the cold water flowing from the feed tank C. This 
tank may be either above or below the level of the injector. The 
mixture issuing from the nozzle B, then flows through the delivery 
jlozzle D in which its kinetic energy is reduced and converted into 
pressure energy, until on leaving at E this pressure energy is suffi¬ 
cient to overcome the boiler pressure and to lift the water through 
a height // 2 . Round the gap between the nozzles B and D is a 
chamber provided with an outlet through which any excess water 
may overflow during the starting of the injector. 

Let W 8 — Weight of steam supplied to injector in lb. per sec. 

W w = Weight of water entering at A' in lb. per sec. 

U a — Velocity of steam leaving nozzle at A in ft. per sec. 

U w = Velocity of water entering at A' in ft. per sec. 

U b — Velocity of mixture leaving nozzle at B in ft. per sec. 


Then 


Momentum of 
steam entering 
combining nozzle 


+ 


Momentum of 
water entering 
combining nozzle 


Momentum of 
mixture leaving 
combining nozzle 


WJJ g WJK = ( W. + W»)U* 

q 9 g 

or W 9 U a + W w U 9 = (W 9 + W w )U> 
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If the w^br level in C is below the injector, then 
W,U a -W w U w = (W s + W w )U b 


Hence 


W w _ u a -u b 
W 9 u b ± u w 


according to whether the water level is below or above the injector 
level. 

This formula gives the amount of water injected per pound of 
steam, if the velocities are known. 

To find the velocities, let 

P x — initial pressure of steam supply in lb. per sq. ft. 

P 2 = steam pressure at the throat A in lb. per sq. ft. 

V x = specific volume of initial steam supply in cu. ft. per lb. 

Then assuming adiabatic expansion, the velocity at any place in 
the nozzle where the pressure is P 2 is given by the equation 

or U 2 ~ V2gJ (adiabatic heat drop) 

If we assume that the pressure in the throat of the nozzle A is the 
critical pressure, then the steam velocity at the exit of A is 

Ua = J 2g n T~l PlVl (P-457) 

Hence if tile steam supply is dry saturated, we may take n = 1-135 
and U a = 5-85 V P X V 1 

If the steam supply is superheated, then n = 1-3 
and (J a = 6-0 Wi\V x 

This velocity can also be calculated from the adiabatic heat drop 
read off the total heat-entropy chart. 

It must be understood that these equations will not give a strictly 
accurate result as the expansion in the steam nozzle will obviously 
be affected by the water surrounding it. 

The velocity of the water entering the annular space at A' will 
be given by the equation U w = V2gH v 

To find the velocity U bf let 

P = boiler pressure in lb. per sq. ft. = p lb. per sq. in. 

P b = pressure at B in lb. per sq. ft. 
w = density of water at B in lb. per cu. ft. 

P U 2 

Then the total energy per pound of water at P = ■— + 
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This energy must be enough to lift the water through a height 
H 2 feet and inject it into the boiler. The final pressure on leaving 
at E must therefore be somewhat greater than this height plus the 
boiler pressure. 


Let h = the necessary excess head in feet 
P b = 15 X 144 lb. per sq. ft. 
w — 62*4 lb. per cu. ft. 

P 


Then 


15 x 144 U\ 
62-4 + 2 g 


w 


+ H 2 + h 


and U b = .Jig ^(p - 15) + H, + h j 

To find the nozzle areas, let 

A a — steam nozzle area at A in sq. ft. 

A b — combining nozzle area at B in sq. ft. 

A a ' = area of water annulus at A' in sq. ft. 

V t = specific volume of steam after expansion in nozzle A 


Then the value of V t can be found from the formula 

TrU^n )^ 1 " > " ,57) 

w 

Hence 


A a V t 


l , W * V t 

and A a = ~~— 


also W s + W w = A b U b x 62-4 and A b = 
and W w — A a 'U w x 62-4 and A a ' = 


W 8 + W u 
62-4C/ 6 
W w 

62-4 U w 


The heat balance may be determined as follows— 

Let H b = total heat per pound of steam entering the injector 
h w — sensible heat per pound of water supplied to injector 
h m = sensible heat per pound of water leaving at B 
Then 

Heat supplied \ , | Heat supplied | , j Kinetic energy of 

in steam I l in water 1 l water at A' 


Heat in mixture 1 , f Kinetic energy of 
at B 1 l mixture at B 


that is 

WJl, + w^ v ± 


w m v m 

2 gJ 


= (W. + W w )h n + 


(W, + W m )Vf 

2gJ 
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according to whether the water supply level is above or below the 
injector level. 

From this equation the temperature of the mixture may be found. 


EXAMPLES XI 

1. Steam flows through a correctly designed nozzle with a prossure drop 
from 200 lb. to 2 lb. per in. absolute. Assuming adiabatic frictionless flow 
find the dryness fraction and the velocity of the steam as it leaves the nozzle 
when the steam entering the nozzle is (a) dry saturated, (b) superheated 
50° C. above the saturation temperature. 

2. Find the velocity of the steam, in Question (1), assuming the flow is 
supersaturated throughout the expansion. 

3. Find tho correct throat and exit diameters of a convergent-divergent, 
nozzle which will discharge 120 1b. of steam per hour from a pressure of 
120 lb. per sq. in., superheated to 220° C., into a chamber having a pressure of 
301b. per sq. in. absolute. The friction loss in tho divergent part of the 
nozzle may be taken as one-tenth of tho total heat drop. 

(IJ.L., B.Sc. (Eng.), 1923.) 

4. A convergent-divergent nozzle is to bo designed to discharge 0-15 lb. of 

steam per sec. into a vessel in which the pressure is 20 lb. per sq. in. absolute, 
when the nozzle is supplied with steam at 100 lb. per sq. in. absolute, super¬ 
heated to 200° C. Find the throat and exit diameters of the nozzle on tho 
assumption that the friction loss in the diverging part is 10 per cent of the 
total heat drop. ( U.L., B.Sc. (Eng.), 1925.) 

5. A nozzle discharges steam dry saturated at 1601b. per sq. in. absolute 

pressure into a reservoir where the prossure is 1 lb. per sq. in. absolute. 
Tha diameter of the nozzle at the throat is f in. If the flow is frictionless 
adiabatic, what weight of steam will pass through tho nozzle per minute ? 
If 10 per cent of the energy goes in friction, what weight of steam is delivered 
per minute ? ( U.L., B.Sc. (Eng.).) 

6. Dry and saturated steam at 25 lb. per sq. in. absolute pressure is allowed 
to discharge through a long convergent nozzle into the atmosphere (16 1b. 
per sq. in.). Assuming frictionless adiabatic flow, find tho dryness of the 
steam at discharge and calculate the weight of steam which should be dis¬ 
charged per second if tho exit diameter of tho nozzle is 0*5 in. If the weight 
of steam actually discharged be 94 per cent of this calculated quantity, estimate 
the percentage of the heat drop which is wasted in friction. 

(U.L., B.Sc. (Eng.), 1923.) 

7. A divergent nozzle for a steam turbine has to deliver 800 lb. of steam 

per hour under a supply condition of 160 lb. per sq. in. absolute, with 200° F. 
(111° C.) of superheat, and a stage pressure of 1*5 lb. per sq. in. absolute. 
Assuming a coefficient of discharge of 0-97 and a frictional loss of 12 per cent, 
determine the throat and outlet areas. (I.Mech.E., 1926.) 

8. The throat and exit diameters of a nozzle are 0-300 and 0-375 inches 
respectively. If dry and saturated steam at 100 lb. per sq. in. absolute is 
allowed to expand through tho nozzle into a chamber in which tho pressure 
is 15 lb. per sq. in. absolute, find the weight of steam passing per second. 
If 10 per cent of the heat drop is wasted in friction, what is the probablo 
pressure of the steam at its exit from the nozzle ? ( U.L. , B.Sc. (Eng.), 1922.) 
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9. Steam at 150 lb. per sq. in. pressure and dryness 0*95 expands adiabatic- 
ally through a nozzle to a pressure of 12 lb. per sq. in. Assuming that PV n 
= constant is the law for the expansion, find the value of n which satisfies 
the initial and final state points, and use this value to calculate the pressure 
and velocity of the steam at the throat of the nozzle. 

(U.L., B.Sc . (Eng.), 1934.) 



CHAPTER XII 

STEAM TURBINES 


The Velocity Diagram. We have seen in the last chapter that when 
steam expands through a suitably shaped passage or nozzle, some 
of the heat energy in the steam may be converted into kinetic 
energy, the steam thus attaining a high velocity. If this steam is 
now allowed to pass through blades situated in a wheel so arranged 
that it may revolve freely about its axis (Fig. 171), motion will be 
imparted to the wheel and mechanical work can be thus obtained. 


-Direction of Rotation 
of Bfade$,\J £ 


Axis of 


Direction of Steam 
leaving 

, v / I 

Nozzle 

Fia. 171. Elementary Single-stage Turbine 



__yJ 

Direction - 


of Steam 


entering- 

\j 


As the blades are situated radially round the wheel, the linear 
velocity of the outside edges will be greater than that of the inside 
edges. Let the linear velocity of the blades at the mean radius R r , 
Fig. 171, be U b . We can now draw velocity triangles for the 
steam on entering and leaving the blading. 

In Fig. 172, let CD be a moving blade. 

At Entry. Let AB = U = Velocity of steam leaving nozzle and 

entering moving blade (ft. per sec.) 

CB =s U h = Mean velocity of moving blade (ft. 
per sec.) 

AC == R = Velocity of steam relative to moving 
blade at entry (ft. per sec.) 

In order that the steam should enter the moving blade without 
shock, there must be no component velocity of the steam relative 
to the blade at right angles to the profile of the blade at entry. In 
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other words, the entry angle of the moving blade must be the same 
as the angle made by the direction of the steam AC at entry 
relative to the direction of motion CB of the moving blade. 

At Exit. FD = U b = Mean velocity of moving blade (ft. per sec.) 

DE = r = Velocity of steam relative to moving blade 
at exit (ft. per sec.) 

.*. FE = u = Actual velocity of steam at exit (ft. 
per sec.) 

It is obvious that the direction of the relative velocity at exit 
DE will be at an angle y 
to the direction of motion 
of the moving blade, the 
angle y being tho exit 
angle of the blade. 

Theso two velocity tri¬ 
angles can be combined 
for convenience in one 
diagram (Fig. 173). 

From this diagram it 
will be seen that the 
change in velocity pro¬ 
duced in the steam by 
its passage through the 
moving blade is ED. If 
this change in velocity is resolved parallel and at right angles 
to the direction of motion of the moving blade, then CD is 
the component change in velocity produced in the steam parallel 
to the direction of motion of the moving blade. Let this velocity 

be U e . 

Work Done in Blading. 

According to Newton’s second 
law of motion, force is measured 
by the rate of change of 
momentum. 

Hence, if W lb. of steam pass 
through the blading per second, 
the force exerted in the direction 
of motion by the steam on the 

moving blades = X change in velocity of the steam in the 

direction of motion (in feet per second) 

= jXU, lb. (Fig. 173) 
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work done per second 

= Force X Distance moved per second 

W 

= — x U C X U b ft-lb. per second 
9 

. ... .. w u e u b 

horse-power of blading = — X “^q" 

It should be noted that if Fig. 173 is drawn to scale, the values 
U e and U b can be read from the diagram. 

Another expression for the work done can be found as follows— 
From Fig. 173 we have 
AD 2 = DB 2 + AB 2 + 2DB x AB cos p 
U 2 = R?+ U b 2 + 2RU b cos/3 
also AE 2 = EB 2 + AB 2 - 2EB x AB cos y 
u 2 — r 2 + C/ 5 2 - 2rC7 b cos y 


Subtracting these two equations, 

2U b (R cos + r cos y) = t/ 2 - u 2 - i2 2 + r 2 
But from Fig. 173 we see that 

U e = HA + AK = HB + 

= w cos 6 + t/ cos a = r cos y + R cos ft 
But 2£/ b (R cos + r cos y) = U 2 - u 2 - R 2 + r 2 
2U b U c = U 2 -u 2 -R 2 + r 2 
Work done per second 

U 2 - u 2 - R 2 + r 2 \ 

2j ) 


-iiw.-q 


This result can be obtained direct from a consideration of kinetic 
energy. The kinetic energy of the steam on entry to the moving 
U 2 

blades is — per lb. If r is greater than R , as in the reaction turbine, 

then this increase of velocity must have taken place by an expansion 
of steam in the moving blades, similar to the expansion in the 
nozzle. Hence the increase in kinetic energy due to expansion in 


the moving blades 


. lr 2 R 2 \ 

18 U 2 v 


per lb. The total kinetic energy 


supplied to the moving blades is therefore 


U 2 + r 2 - R 2 
20 


per lb. of 


steam. The final kinetic energy of the steam on leaving the moving 
u 2 

blades is — per lb. Hence the energy imparted to the moving 

ui j • U 2 + r 2 -R 2 -u 2 1U 

blades is --per lb. 

2g 
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Hence, work done per second 


W(U 2 -u 2 -R 2 + r*) 


2 9 


ft-lb. 


W /U 2 -u 2 -Ii 2 + r 2 \ 
Horse-power = I - * 


550 


It should be Rioted that if r is less than R , as in the case of an 


impulse turbine, then 


\2<7 2g) 1 


is negative and is the loss of energy 


due to friction as the steam passes through the moving blades. 

The Impulse Turbine. In an impulse turbine expansion of the 
steam occurs practically only in the nozzles or fixed blades. The 
expansion converts heat 
energy into kinetic energy, 
as already explained, and 
the steam leaving the 
nozzles at a high velocity 
enters the moving blades, 
giving up some of its 
kinetic energy to them, and 
hence producing motion of 
the rotor. The state of 
affairs in a single stage 
simple impulse turbine is 
shown diagrammatically in 
Fig. 174, which should be 
compared with Fig. 171. 

It is obvious that several 
nozzles, all supplied with 
steam from the same 
source, may be situated 
round the moving blade 
ring. The curves in Fig. 174 
indicate the variations of pressure and velocity throughout the stage. 

The pressure will drop during the passage of the steam through 
the nozzles, and will then remain practically constant in the moving 
blades. The velocity will increase, due to the pressure drop in the 
nozzles, and will then decrease as kinetic energy is given to the 
moving blades. 

Efficiency o! Impulse Turbine Blading. As the pressure remains 
constant through the moving blades, any difference between R 
and r (Fig. 173) will be due to friction during the passage of the 
steam through the moving blades. Hence the value of r will be 
less than that of R. 



Fig. 174. Diagram of Single-stage 
Impulse Turbine 


Let r = KR. Then work done per second 

W(U 2 -u 2 - R 2 + r 2 ) __ I V(U 2 - u 2 ) WR 2 
2 g ~ 2 g 
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Kinetic energy supplied per second = 


WU * 
2 9 


• irffi • _ Work done per second 

* Kinetic energy supplied per second 


U 2 - u 2 - R* + r 2 
V 2 


fF(C/ 2 -u*-.R 2 + r 2 ) 

_ 2 g 

WU 2 

2g 

~ Ui ~ u% l 1 K > 

If we assume that there are no losses in the moving blades, then 
R = r and 

U 2 -u 2 

Efficiency = — 

The efficiency can also be expressed in other terms, as follows. 
It has already been shown that 

W 

Work done per second = — X U e X U b . (Fig. 173) 


Efficiency = 


2 U e xU b 
U 2 


(l+K 0 ^) 

\ COS ft J 


Maximum Efficiency of Impulse Turbine Blading (U and a given). 
W 

Work done per second = — X U e X U b 

9 

But U t — BK + BH (Fig. 173) = R cos ft + r cos y 
= R cos ft + KR cos y — R cos ft (1 + K 
and R cos ft = AK - AB = U cos a - U b 

■■■ C7.) (l +JC |21i) 

w 

Work done per second = — X U 0 X U b 

9 

= y (U b U cos a 


(l+K C -°^\ 
\ COS ft J 


Efficiency = 


£(«.(/co.«-tV)(l + X^) 


WU 2 
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If we assume that the exit blade angle y is a constant proportion 

cos y 

of the inlet blade angle B, then-- = constant. 

r cos B 

( U U 2 \ 

-jj cos a - | C , where C is constant. 

/. Differentiating and equating to zero we have, for maximum 
efficiency 

cos a = or blade velocity U h — U C °| ~ 


Substituting this value of U b in the general equation for efficiency 
just obtained 

Maximum efficiency = 2 ^ (l + K 

cos 2 <x ( cos y\ 

= - 2 -^ 1 +*-^ 



Maximum Efficiency of Impulse Turbine Blading (U and a given, 
and assuming symmetrical blading with no losses). If there are no 
losses, B = r, K = 1, and, with symmetrical blading, y = /J. 


Efficiency 


4 (lj 009 * “ w) 




. . /cos 2 a cos 2 a\ 2 

Maximum efficiency = 4 I —^-I = cos 2 a 


These results can also be obtained by modifying Fig. 173. The 
diagram so modified is shown in Fig. 175 (a). 

The triangle DBE becomes isosceles and the actual change of 
velocity DE (Fig. 173) becomes parallel to the direction of motion 
of the blades. 
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r coa y — R cos /? 

/. U e = 2R cos /3 = 2{AK - AB ) = 2(U cos a - U b ) 


Work done per second 


2(U cos a - 


= 2 j(U b U cos a—17**) 


2—-(U b U cos a. - U b 


Efficiency = ■ 


-‘(S 


6 . 


Differentiating and equating to zero, 

cos a = 2 — for maximum efficiency 


This will be the case when the diagram is as Fig. 175 (6), where 

a qao r 1 AK 2AB 2 U b 

6 = 90 ; for here cos a = -rjz — —r-pr = ^ * 

4D (7 


Hence maximum efficiency 
W 

&u e u* 


■= 2 x 


D# x ^42? 


(Fig. 175 (6).) 


2 x AK x 


cos 2 a 


The fact that for maximum efficiency the angle <3 must be 90° 

U 2 - u 2 

also follows from the expression for efficiency, namely, —^—. 

For this to have a maximum value for any given value of £7, the 
value of u must be a minimum. Fig. 175 shows that this will be 
the case where <5 = 90°, that is, when the direction of the steam on 
leaving the moving blades is at right angles to the direction of 
motion of the blades, the steam then having no velocity in the 
direction of motion of the blades. 

Effect of Blade Speed on Efficiency of Impulse Turbine Blading. 
It is instructive to plot curves showing the variation of blade 

efficiency with the value of the ratio 8 For sim- 

ISteam speed U 

plicity we will assume symmetrical blades, i.e. y = /?. If then, in 
the general equation, 
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Efficiency - 2 co, « - ^ (l + K 

we substitute constant values for U and K y we can calculate the 

values of the efficiency for various values of the ratio This 

has been done in Fig. 176, curves A and B for a value of a = 20°. 
Curve A is the efficiency curve for no losses, i.e. R = r, making 
K — 1. Curve B is the efficiency curve for a value of K = 0 * 8 . 



Efficiency. 


Ub 

IT 

K=*i 

K*0'8 

0 

o 

o 

CM 

0-336 

0-302 

0-2 

0-592 

0-S33 

O' 3 

0-768 

0-691 

0-4 

0'864 

0-778 

O'S 

0-879 

0-791 

0'6 

0'&15 

O' 734 

O' 7 

0-671 

0-604 

O'Q 

0'447 

0-402 

0‘9 

O' 743 

0-129 


We see that the efficiency is zero when 
= 0 , i.e. when U b = 0 

and when = cos 20° = 0 9397 


The maximum efficiency is equal to cos 2 20° = 0*883 in the case 
where there are no losses. When K = 0*8 the maximum efficiency 
cos 2 20 ° 

is equal to —-— (1 + 0 * 8 ) = 0*795. In both cases the maximum 

Zt 

efficiency is obtained when 


U b 

u 


cos 20° 

2 


= 0*4098 


Example 1. A stage in an impulse turbine consists of converging nozzles 
and one ring of moving blades. The nozzle angles are 22° and the moving 
blades have both blade tip angles of 35°. If the velocity of the steam at 
the exit from the nozzle is 1,500 ft. per sec., find the blade speed so that the 
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steam shall pass on to the blade without shock, and find the stage efficiency, 
neglecting frictional losses, if the blades run at this speed. 

If the relative velocity of steam to blade is reduced by 15 per cent in 
passing through the blade ring, find the actual efficiency and the end thrust 
on the shaft when the blade ring develops 50 H.P. 

( U.L., B.Sc. (Eng.), 1924.) 

1. Let the mass of steam passing per second = W = 1 lb. 
Then Fig. 177 shows the velocity diagram, assuming no losses. 
Draw the angle CAD = 22° and let the length AD represent 1,500 
ft. per sec. to some convenient scale. As there are no losses and the 
blade angles are equal, the direction of the actual change of velocity 
of the steam will be parallel to the direction of motion of the blades. 
Therefore draw DF parallel to AC and make the angles DBC and 
ABE each equal to 35°, and draw BE = J 3D. Then DE represents 
U ef the change in velocity produced in the steam, and AB represents 



U b , the velocity of the blades. The values of the various vectors 
are shown on the diagram. 

Blade speed for no shock and no losses = U b = 590 ft. per sec. 


or 


Efficiency = 
Efficiency = 


2 U c U b 2 x 1,600 x 590 


U* 

U*-u* 
U 2 


(1,500) 2 
1,500 2 - 600 2 
1,500* 


= 83*9 per cent 


= 84 per cent 


2. With 15 per cent loss in passing through moving blades the 
triangle ABD (Fig. 177) remains the same as in the first part of the 
question, but the triangle ABE is modified as r — 0-85 R — 0*85 
X 980 = 834 ft. per sec. 

Hence with the angle y = 35° and r = 834 ft. per sec., the 
modified triangle ABE may be drawn to scale and the diagram 
becomes similar to Fig. 173 with r < R. 

The required velocities can now be read off the diagram and the 
problem solved. 

These velocities can, however, be calculated without drawing the 
Aagram to scale, the new velocities required being U c and EC 
(Fig. 173). 
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Thus BK = R cos — 980 cos 35° =# 803 ft. per sec. 

BH = r cos y = 834 cos 35° = 683 ft. per sec. 

U c = BK + BH — 803 + 683 — 1,486 ft. per sec. 

Also EC = i/G r — HE — 12 sin ft — r sin y 

- 980 sin 35° - 834 sin 35° 

= 84 ft. per sec. 


Hence efficiency = 

and End Thrust = 
To find IT— 

H.P. - 


2U c U b 2 x 1,486 x 590 


U* 


1,500 2 


= 0-778 


W 


EC where W ~ Steam flow in lb. per sec. 


w u r u b 

g 550 


i.e. 


whence 


IT 1,486 x 590 
"-m* 550 

IT — T01 lb. per sec. 


and End Thrust 


1-01 

32-2 


X 84 - 2-63 lb. 


Velocity Compounding. We have seen in the last chapter that 
when steam expands in a suitably shaped nozzle, a large velocity 
can be generated in the steam. Thus, if dry steam expands through 
a nozzle from 200 lb. per sq. in. (abs.) to 2 lb. per sq. in. (abs.), the 
final velocity of the steam is about 3,900 ft. per sec. We have just 
seen that, if this steam is passed through a single row of blades 
situated round the periphery of a wheel, the linear velocity of the 
blades must be somewhere about half that of the steam if the 
efficiency is to be a maximum. The speed of rotation of a rotor 
carrying a single row of blades would therefore be very high, and 
reduction gearing would be required to bring the speed down for 
most practical purposes. One method of reducing the speed of the 
turbine rotor is to provide the wheel with two rows of blades, 
between which there is a row of fixed blades attached to the 
stationary turbine casing. This row of fixed blades simply changes 
the direction of the steam leaving the first row of moving blades 
back to a direction suitable for entering the second row of moving 
blades. Fig. 178 shows diagrammatically a section of a velocity 
compounded wheel. Curves are also given showing the variation 
of pressure and velocity of the steam as it passes through the 
blading. 

It will be noticed that the pressure drop takes place in the 
nozzles, there being no further pressure drop in either the fixed or 
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moving blades. The high velocity produced in the steam is reduced 
on passing through each row of moving blades. As there is no 


Nozzles 



Fia. 178. Diagrammatic Section of a Velocity Compounded 
Turbine Wheel 

pressure drop in the intermediate fixed row of blades, there is no 
change in the value of the velocity but only in its direction. In 
practice, friction occurs and modifies matters to some extent. 
Efficiency of a Velocity Compounded Stage. The completo velocity 



Fig. 179. Velocity Diagram 


diagram will consist of two diagrams, one for each set of moving 
blades. Let us assume for simplicity that the blading is sym¬ 
metrical and that there is no friction. Then Fig. 179 shows the 
velocity diagram. 
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Let AF represent U x the velocity of the steam leaving the nozzles 
and entering the first row of moving blades. Then ABFG is the 
velocity diagram for the first row of moving blades, the actual 
velocity of the steam on leaving this first row being represented 
by AC = u x . The intermediate fixed blades must have an entry 
angle equal to the angle HAC if the steam is to enter without shock 
and an equal exit angle if the blade is symmetrical. Hence, if 
the angle KAE is made equal to the angle HAC and AE is made 
equal to AC , then AE will represent the velocity of the steam 
leaving the intermediate fixed blades, and this will be the velocity 
U 2 of the steam entering the second row of moving blades. It is 
obvious that, with the simple conditions assumed here, the point E 
will be on the line CF. The blade velocity U b being the same for 
both rows of moving blades, the velocity diagram ABED for the 
second row of moving blades may now be drawn, making r 2 = R 2 
and angle HBD — angle KBE. The point D will then also be on 
the line CF. The change in velocity produced in the steam by its 
passage through the first row of moving blades U cl is represented by 
CF, while that produced by the passage through the second row 
of moving blades U c2 is represented by DE. 

In Fig. 179 we have U 2 — u v a 2 = d v r 2 = R 2 , y 2 = fi 2 . 

Then CE = 2u x cos <3 X 

DE — 2R 2 cos f} 2 = 2(U 2 cos a 2 - U b ) = 2 (u x cos (3 L - U b ) 
CD = CE -DE = 2u x cos 5 X - 2 (u x cos 6 X - U b ) = 2 U b 

Also CF = 2 R x cos fi x = 2 r x cos y x = 2 (u x cos <5 X + U b ) 

EF = CF - CE = 2K cos & x + U b ) - 2u x cos d x = 2 U b 
DE = CF - (CD + EF) 
u c2 = u el -4U b 

Total change of velocity U c = U cl + U et — 2 U el -4 U b 

But U cl == 2 R x cos fi x = 2(U X cos a x - U b ) 
u c = 4(17! cos CL X - U b ) - 4C/ & 

== 4(T7 1 cos ol x - 2U b ) 

/. If W = mass of steam passing per second (in pounds) 

)V 

Work done per second = -- U c U b 

= -4(f/ 1 C/ !> cosa 1 -2t7 > 2 ) (ft-lb.) 

— 6 cos a,-2 U t *) 

Efficiency = --- 
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This will be a maximum when cos a x = 4 ^ 

u i 

„ . ~ . U b cos a. 

For maximum efficiency = —-— 

and Maximum Efficiency = cos 2 a 


In a similar manner it can be shown that, with n rows of moving 
blades, maximum efficiency will be obtained when 



Fig. 176, curve C, shows the variation of efficiency with the value 
of the ratio ^ a( * c 8 ?~ . e . ( l f 0 r a value of a x = 20°. 


Steam speed 

It will be seen that the maximum efficiency equals cos 2 20° 


: 0*883 


when the value of 


Blade speed cos 20° 


is zero when the value of 


Steam speed 4 
Blade speed 


Steam speed 


= 0*2349 and the efficiency 
^- 0 - 4698 , 


Pressure Compounding. Another method of obviating the diffi¬ 
culty of the high velocity produced by a large drop in pressure is 
that of pressure compounding. With this method the whole pres¬ 
sure drop does not take place in one set of nozzles, but it is split up 
into a number of stages each consisting of a set of nozzles or fixed 
blades with a ring of moving blades, the various rings of moving 
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blades all being fixed to the same rotor shaft. In this way the 
pressure drop in any one set of nozzles or fixed blades may be small 
and hence the velocity produced in the steam may be kept to any 
desirable value. The general arrangement is shown diagrammatically 
in Fig. 180. 

The pressure drops take place only in the nozzles or fixed blades ; 
in fact a pressure compounded turbine is simply a number of simple 
turbines in series. A stage consists of one set of nozzles or fixed 
blades, together with a ring of moving blades. There are thus four 
stages shown in Fig. 180. By suitably adjusting the number of 
stages it can be arranged that the rotor runs at any required speed 
for any given pressure drop in the steam through the whole turbine. 
In the first one or two stages, where the pressure of the steam is 
high and its specific volume small, the nozzles or fixed blades do 
not always extend all round the periphery of the wheel. In sub¬ 
sequent stages, as the steam expands the nozzles cover the whole 
circumference of the wheel. In modern turbines working with 
steam at a high initial pressure, the first stage is sometimes velocity 
compounded. In this way a comparatively large pressure drop 
can take place in the first stage nozzles, thus reducing the pressure 
inside the main turbine casing. 

Example 2. Steam is supplied to an impulse steam turbine at a pressure 
of 1801b. per sq. in. absolute, and superheated to 250° C. The pressure in 
the wheel chamber is 80 lb. per sq. in. absolute, and in the chamber there are 
two rings of moving blades separated by fixed blades. The tips of the moving 
blades are inclined 30° to the plane of motion. Assuming a 10 >£prcent 
friction loss in the nozzle and also a reduction of 8 per cent in-the velocity of 
the steam relative to the blade due to frictional resistances in passing through! 
a blade ring, determine the speed of the blode§ so that the final Velocity of 
discharge shall be axial. Also state Vhat should be the inclination of the 
nozzles to tho plane of motion of the blades. 

( ILL., B.Sc. (Eng.), 1922.) 

Since the pressure drop in the nozzles is from 180 lb. per sq. in. 
to 80 lb. per sq. in., the velocity of the steam on leaving the nozzles 
is given by 

Ui — V2gJ (Adiabatic heat drop from 180 to 80 lb. per sq. in.) X 0-9 

= V2 X 32-2 X 1,400 X (703~667) x 0-9 
= 1,709 ft. per sec. 

This is, therefore, the value of U l9 the velocity of the steam on 
entering the first ring of moving blades. 

The velocity diagram (Fig. 181) can now be drawn, starting from 
the final velocity u 2 of the steam on leaving the second ring of 
moving blades. 

Draw a triangle ABC f Fig. 181, with angle BAC = 90° and 

CB 

angle ABC = 30°. Make angle EBD = 30° and make BD =■ 
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Join AD. Then, as CB is 8 per cent less than BD , the figure ABCD 
is the velocity diagram for the second ring of moving blades, drawn 

AD 

to some scale yet to be determined. Produce BC and let AF — 

FB 

cut BC produced in F. Produce BD to //, making BH = 

Join AH. Then the figure ABHF will be the velocity diagram for 
the first ring of moving blades. AB will represent the velocity of 
the moving blades. AF will represent the velocity of the steam on 
leaving the first ring of moving blades. This velocity will be 
changed in direction and reduced by 8 per cent in magnitude by 
the passage through the fixed blades. Hence the velocity on 



leaving the fixed blades will be given by AD , which, therefore, also 
represents the velocity of the steam U 2 on entering the second ring 
of moving blades. 

The velocity U 1 of the steam on leaving the nozzles and entering 
the first row of moving blades is represented by AH. This must be 
the value calculated at the beginning of the example, namely, 
1,709 ft. per sec. This value, compared to the length of AH , fixes 
the velocity scale of the diagram. 


From the diagram, Speed of blades = 392 ft. per sec. 

Nozzle angle = BAH = 23 5° 

Also, efficiency - ^ ^ +_820) X392 

* J TT 2 l n nn v/ l n nn 


U x 2 1,709 X 1,709 

= 82*7 per cent. 


Losses and Efficiencies in an Impulse Stage. These can be explained 
with the help of the II-<f) chart (Fig. 182) where AB represents the 
isentropic heat drop (I.H. D.) in an impulse stage consisting of a set 
of nozzles or fixed blades, and a set of moving blades, the expansion 
taking place in the nozzles or fixed blades. 
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Let U y U c and U b have the meanings already assigned to them and 
consider one pound of steam passing per second. Also let it be 
assumed that the velocity of the steam entering the nozzles is 
negligible compared with the velocity leaving. 

It has already been explained on p. 459 that if the isentropic heat 
drop is represented by AB (Fig. 182), and the friction loss in the 



<t> 

Fig. 182. Turbine Losses 


nozzles by C'B, then the actual heat drop in the nozzles and hence 
in the stage is given by AC'. 

Hence 


Isentropic heat drop (I.H.D.) — H A — II u 
Friction loss in nozzles = II c — H B 

Actual heat drop — II A — H c 


U 2 

2gJ 


Nozzle efficiency, 


__ Il A ~IIc _ U 2 
~ H A ~~ HB ~ -V (LH.D.) 


The blading efficiency is a measure of the mechanical conversion 
of the kinetic energy of the steam into kinetic energy of the moving 
blades, allowing for the friction loss as the steam passes through 
the blades. This friction loss can be allowed for in the velocity 
diagram, by making r = KR where K is the friction coefficient 
(p. 477). 

Thus if 

Friction loss in the moving blades = H D — II c (Fig. 182) 
then jj 

Work done on moving blades = H A — H D — ~~gj^ 


and 

Blading efficiency 


_H a -Hd 
> H c 


mu* 

U 2 
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The gross stage efficiency may be defined as the ratio of the work 
done on the moving blades as defined above, to the isentropic heat 
drop. 

Hence gross stage efficiency 

_ H A -H D __ H a — H d II a - H c ^ 

“ h a -h b -~h a -ii c x h a -h b n 

u c u b _2 u c u b - r / 2 

° r ” 2grJ(I.H.D.) ~ U- X 2</e/(I.II.D.) ~ €b X 


There is also a disk and blade windage loss to be taken into 
account. 

Thus if windage loss — H E — II D 


then 

and 


Net work supplied to turbine shaft 

, „ . Work to shaft 

Net stage efficiency =-(f H 1>) 


= H a -II e 
_ II A - He 
n A -n~ 


Terminal Velocity and Carry-over. The steam leaving a stage will 
have a certain velocity, the equivalent kinetic energy of which is 
wasted unless the steam passes on to a further stage. In any case, 
for the final stage of a multi-stage turbine, there will be this leaving 
loss. 

If Fig. 182 apply to such a final stage, then from the equation 
of steady flow 


JJ 2 U 2 

II 4 + -r-~ = IIjp 4- 4- work on turbine shaft 

A 2gJ bj 2gJ 

i.e. Work done in heat units = (II A — IIJ) -}- — —-^-JL 

2gJ 

If U A is negligible 

Work done on shaft — (II A — II K ) — ~ J j 


and S.H.P.=g5[(//^ 
is in B.Th.U. per lb. 

Referring to Fig. 182, this loss — 


v*l 

~2gJ 

VI 

2 gJ 


per lb. steam if total heat 


Ih -II, 


When this kinetic energy is passed over to the next stage it is 
termed “carry-over.” 

The Reaction Turbine. For reasons which will be mentioned later 
this turbine should more strictly be termed impulse reaction. In 
this type the steam expands in both the fixed and moving blades, 
the pressure dropping continuously right through the turbine. 
The velocity diagram for one reaction stage, that is, for one set of 




STEAM TURBINES 


491 


fixed and one set of moving blades, is similar to Fig. 173, with the 
modification that, as expansion takes place in the moving blades, 
r will be greater than R. 


The work done per 


or 


9 

W(U 2 -u 2 + r 2 - R 2 ) 


2 9 



The energy supplied to the stage per second 

— W - 4- energy generated, due to\ 

\2g expansion in the moving blades J 

’) 


- W 


U 2 r 2 - R 2 \ 
2 g + 2 g 


Efficiency = 


U 2 — u 2 + r 2 - R 2 
U 2 + r 2 - R 2 


The efficiency can obviously also be expressed as equal to 


W 

~x U c x U b 

W(U 2 + r 2 - R 2 ) 


2 x U c X U b 
U 2 -f - r 2 — R 2 


2 ? 


Efficiency of Reaction Blading with Fixed and Moving Blading 
Identical. Wo will assume there are no losses due to friction. If 
the fixed and moving blades of a stage are identical, the velocity 
diagram reduces to Fig. 183. 

In this case, y = a, d = /?, U = r, u = R 

The fixed blade will receive steam from the preceding moving 
blade at a velocity u r l he velocity of the steam after leaving the 
fixed blade is 17. Hence— 

IFu 2 

Kinetic energy of supply to fixed blade = —— 

*.g 
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Kinetic energy generated in fixed blade = 
Kinetic energy generated in moving blade = 


JF(t/*-a 2 ) 

W(r*-R *) 
2 g 

lf(C/ 2 -a 2 ) 

2 3 


m , , n W(U*-u 2 ) , IFa 2 JF, or72 

Total energy supplied = 2 —^ (2C/ 2 - a 2 ) 

But F B* = ££ 2 + £.F 2 - 2 EB X cos f’tfB (Fig. 183) 

iJ 2 = U* + US - 2UU b cos a. But u = R 
W 

Total energy supplied = (2t/ 2 - a 2 ) 

= ^ (2Z7 2 - [£/ 2 + i/^ 2 - 2UU 6 cos a]) 
= ^([/ 2 -CV + 2£/i/ i cos a) 


Work done per second 
But U c 




— AB = CB + AD - CD (Fig. 183) 

= U cos a + r cos y - U b = 2U cos a - U b 


Efficiency = 


where X = ^ 


^(21/cos a - U b )U b 
sr (U 2 -US + 2UU j cos a) 

2 (*&•—$) 

1 " -|y2- + 2 ~J] CO 3 a 

2(2A cos a - A 2 ) 

1 - A 2 + 2A cos a 
Blade speed 


Steam speed leaving fixed blading 


To obtain the maximum efficiency, this expression must bo differ¬ 
entiated and equated to zero. This gives, for maximum efficiency, 

. U h 

— cos a 

whence maximum efficiency = 


2 cos 2 a 
1 + cos 2 a 
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A curve D , shown in Fig. 176, indicates the variation of efficiency 
Blade speed 

with the ratio hi-? • 

bteara speed 

Degree of Reaction. It has been pointed out that the heat drop in 
the case of a reaction turbine can be considered as in two parts. 
In the impulse turbine the whole heat drop occurs in the nozzles 
or fixed blades, the final velocity of the steam leaving the nozzles 
being that corresponding to the heat drop. In the reaction turbine 
part of the heat drop occurs in the fixed blades as in the impulse 
turbine, thus increasing the steam velocity to U on leaving the 
fixed blades, the equivalent kinetic energy producing an impulse on 
the moving blades. There is then a further heat drop in the moving 
blades, increasing the relative velocity of the steam from R to r 
(Fig. 183) the reaction of which also produces motion of the moving 
blades. For this reason the term “impulse-reaction” more correctly 
describes this type of turbine. 

The degree of reaction is defined as the ratio of the isentropic 
heat drop in the moving blades to the sum of the isentropic heat 
drops in the fixed and moving blades. In the simple case discussed on 
U-- , r 2 - R 2 . 


pp. 490-2 


equals 


-, the total heat drop across the 


it* — 1 . 2 g ’ — --- - — 

stage is divided into two equal parts and the degree of reaction is 
50 per cent, or half-degree. 

Efficiency of Reaction Blading with Half-degree Reaction and 
Losses. Let Fig. 183 represent the velocity diagram, and let K y the 
velocity coefficient, be the same for both fixed and moving blades. 
Consider a steam flow of 1 lb. per second. 

The kinetic energy of the steam leaving the previous stage is 
'ifi 

—, but owing to losses, the fraction of this which is usefully used in 
Hi x 2 u 2 

the stage under consideration is —-—. 

2 g 

Hence, kinetic energy supplied to the fixed blading (carry over) 


The velocity of the steam leaving the fixed blades is U. 
Hence, kinetic energy supplied by expansion in fixed blades 


In the moving blades if the stage were impulse only, the relative 
velocity in the direction FA (Fig. 183) would be KR t but owing to 
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expansion in the moving blades, the final relative velocity r is 
greater than R. 

Hence kinetic energy supplied in moving blades 

_ r 2 - K 2 R 2 U 2 ~ K 2 R 2 

2 g ~ 2 g~ 

and total energy supplied 

_ IPR 2 ± U 2 - K 2 R I 2 + U-~ K 2 JR 2 __ 2U 2 — K 2 R 2 
~ 2g 

From Fig. 183, R 2 = U 2 + U b 2 - 2 UU b cos a 
Hence total energy supplied 

= [2 U 2 - K 2 (U 2 + U b 2 - 2(717, cos a)] X 7 

^9 

= ^ [2 - K 2 { 1 + A 2 — 2A cos a)] 
where A — 

The work done on the moving blading 

= = ( u C QS a t_ r cos 


(2(7 cos a — U b )U b U 2 /0 , 

---—- = — (2 A cos a - 


Hence blading efficiency 

U 2 

— (2 A cos a — A 2 ) 

_ _ 9 _ 

— [2~ K 2 (l + A 2 — 2 A cos a)] 
If there were no losses, then K = 1 


2 (2 A cos a — A 2 ) 

2 2 A cos oc) 


Blading efficiency 


2(2 A cos a — A 2 ) 


6 J 1 — A 2 + 2 A cos a 

which agrees with the equation on page 492. 

If the carry-over is neglected 

Blading efficiency = 
and this is 100 per cent if If = 1 


Example 3 . In an impulse*reaction turbine with half-degree reaction the 
outlet angles for fixed and moving blades are 20°. The mean diameter of the 
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blade ring is 6 ft. 6 in., and the speed of rotation is 700 r.p.m. The ratio 
blade 8p eed = Q ^ 
steam speed 

The velocity loss factor is 0*85, and the nozzle efficiency in both fixed and 
moving blades is 0*9. The steam consumption is 10 lb. per sec. 

Neglecting carry-over and windage loss find— 

(а) The horse-power developed per stage. 

(б) The blade and stage efficiencies. 

The mean blade speed 

rr t tI)N 3*14 x 5*5 x 700 OAO ^ 

u » = -sr =--= 202 ft - P cr sec - 


(a) Work done in a stage — 


Hence H.P. 


Hence K.E. supplied to the pair 


Steam velocity 

T7 U b 202 .._ r , 

u = = 447 ft. per sec. 

A 0*452 

The velocity diagram can now be drawn and will be as in Fig. 186 
from which any necessary velocity can be read, 

. \ i i * 4 U cU b 637 x 202 

(a) Work done m a stage - —j - = ^ ~ m 

— 5 * 13 B .Th. U. per lb. steam 

XT lt n 10x5*13x778 

Hence H.P. -^- = 72*6 

550 

(b) As there is half-degree reaction the kinetic energy supplied in 
fixed and moving blades is the same. 

2(U 2 — K 2 R 2 ) 

Hence K.E. supplied to the pair —-—-- ' 

447 2 - 0-85 2 X 265 2 
“ 32*2 x 778 ” 

= 5*94 B.Th.U. per lb. steam. 

~ . Work done 5*13 

Hence blade efficiency = ,,—-— , = — - = 0*864 

Energy supplied 5*94 

The given nozzle efficiency of 0*9 is the efficiency of conversion of 
pressure energy into kinetic energy. 

Hence isentropic heat drop across stage 

K.E. supplied 

“ nozzle efficiency 

— 6*6 B.Th.U. per lb. steam 

, ^ . Work done 

and stage efficiency — T —,-—, v — 

Isentropic heat drop 


- 0*778 
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Height of Blading, (a) Impulse Blading . Let Fig. 184 (a) be 
the section of two consecutive blades. 


Let V = Volume of steam at point considered (cu. ft. per lb.) 
h = Height of blade (in.) (Fig. 184 b) 
r = Velocity of steam on leaving moving blade (ft. per sec.) 
y = Exit angle of moving blade 
t = Thickness of edge of blade (in.) (Fig. 184 a) 
n = Number of blades covered by nozzle 
W = Mass of steam passing per second (lb.) 
p — pitch (in.) (Fig. 184 a) 

D = Mean diameter of blade ring (in.) (Fig. 184 b) 


N = Number of revolutions per minute of blade ring. 



Fig. 184 


If we consider the outlet end of the blades, we have the relation— 

Leaving velocity of steam relative to blade X Area available to 
steam at right angles to this velocity = Mass of steam passing per 
second X Volume per pound of steam. 

i.e. r X nh(p sin y - t) = WV X 144 

(6) Reaction Blading. In a reaction turbine the admission of 
steam is all round the rotor. The blades, as usually constructed, 
are also sharp, so that t may be neglected. 

Hence, area available to steam per blade = hp sin y 

,\ Total area = nhp sin y 

But np = 7 tD, Total area = irDfi sin y 

r X ttDJi sin y = WV X 144 


If the fixed and moving blades are similar, as in Fig. 183, then 
_ T ... Blade velocity U h * 
r = U ’ *" d 11 Steam velocity * 7 * ' 
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then 


r u u± 

A 12 x 60 A 

rr 2 D 2 Nh Bin y = 

720 X 144 A 


Re-heating and the Condition Curve. Modern impulse turbines 
for any but small powers are multi-stage machines. The pressure 
drop in the steam is divided up into a comparatively small number 
of stages, as already described under pressure compounding. In 
some cases the first stage is velocity compounded. The reaction 



Fio. 185. Re-heating and the Condition Curve 


turbine consists of a large number of stages, the pressure drop 
being continuous right through the blading. 

We must now consider how the condition of the steam changes 
as it passes through the blading. Suppose the supply pressure to 
a turbine be P x and the discharge pressure P 2 . For clearness, 
let us consider, say, five stages, the intermediate pressures being 
Pa» Pb> Pc> Pd • These pressuro lines are indicated on the H-<f> chart, 
Fig. 185, which, it will be remembered, is drawn for 1 lb. of steam. 

In the ideal machine the work done on the turbine rotor would 
be equal to the adiabatic heat drop a A. We have already seen, 
however, that, owing to friction losses, etc., the full adiabatic heat 
drop is not converted into mechanical work on the rotor. Thus, 
after expansion ab in the first stage, the state of the steam on leaving 
that stage will not be represented by the point 6, but by some 
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point a v the actual heat drop, and hence the work done on the rotor 
being represented by ac and not by ab t which represents the adiabatic 
heat drop for the stage. The total heat on leaving the first stage, 
given by the point c, is greater than would be the case were the 
expansion ideal. The steam is thus said to have been re-heated. 
Considering the complete expansion through the five stages, the 
state of the steam may be considered to change as represented by 
the path, a, a lt a 2 , a 3 , a 4 , a 5 . The sum of the separate adiabatic 
heat drops, namely, Zab (called the cumulative heat drop) is, 
obviously, greater than the adiabatic heat drop a A. The ratio 


Z ab 

is termed the re-heat factor. Let this be represented by R. 

It will be noticed that, owing to this re-heating, there is an increase 
of entropy and an additional amount of heat is lost to the turbine 
exhaust. 

Efficiency of a Compound Turbine. The stage efficiency e 9 will 
be measured by the ratio of the work done on the rotor in that stage 
to the stage adiabatic heat drop, i.e. e, = ac/ab. 

This efficiency must not be confused with the blading efficiency, 
which is a measure of the conversion of kinetic energy of the steam 
into kinetic energy of the blades. 

The internal efficiency of the turbine is measured by the ratio 
of the total work done on the rotor (measured from the diagram) 

to the total adiabatic heat drop, i.e. £, = —~ — —- * 

r a A a A 

If we assume that the stage efficiency e $ is the same for all stages. 


Zab 

then £( = 


= £,R. 


The internal efficiency accounts for all the internal losses due to 
friction, etc. It obviously does not take account of outside losses 
due to friction at the bearings, etc. These are all accounted for 
by the “ efficiency ratio,” which is measured by the ratio of total 
work produced at the driving end of the shaft per pound of steam 
to the adiabatic heat drop across the turbine. The absolute 
thermal efficiency of the turbine is the ratio of the actual output 
of the turbine to the heat supplied to the turbine. 


Example 4 In a reaction steam turbino the fixed and moving blados 
have inclinations at the receiving and discharging tips of 35° and 20° respec¬ 
tively. If steam passes through the blados without shock, what would be 
the work developed in a ring of moving blados per pound of steam if the 
mean diameter of the blade ring circle is 5 ft. 6 in., and the speed of rotation 
700 r.p.m. ? 

Assuming an efficiency of 86 per cent for the one pair of fixed and moving 
blades, find the heat drop which takes place in the pair, and fmd the state of 
the steam when arriving at the fixed blados if the steam has a pressure of 
20 lb. per sq. in. and dryness 0-92 when leaving the moving blades. 

(U.L., B.Sc. (Eng,) t 1922.) 
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Blade speed at the mean periphery 


7 t X 6*5 X 700 
60 


202 ft. per sec. 


Fig. 186 shows the velocity diagram, where AB represents this 
blade speed. Make the angle EBC = 35° and the angle EAC = 20°. 
The diagram can now be completed. The values of the various 
velocities read off the diagram are given in the figure. 

Work done per pound of steam 


U>Ue 

9 


—- = 4,000 ft-lb. (approx.) 



The work done per pound of steam is also given by 

/447 2 - 265 2 


17 2 -U 2 f 2 -.R 2 

H x— — * 


2 9 


2 9 


/447 2 - 265 2 \ 

[ 2 x 32-2 ) ~ 4,1 


024 ft-lb. 


The discrepancy between the two results is, of course, due to 
slight inaccuracy in the drawing of the velocity diagram. 

0 , . Work done on rotor 

stage efficiency = - ■■■■ . . - - . ——- 

Adiabatic heat drop 


.'. adiabatic heat drop (H l - tf s ) = = 3-36 C.H.U. 

U‘oO X 1,1UU 

Total heat after expansion 

H 2 = h 2 + x 2 L 2 at 20 lb. per sq. in. (from tables) 

= 108-95 + 0-92 x 533-87 = 600-11 C.H.U. 
total heat before expansion H x = 600-11 + 3-36 = 603-47 C.H.U. 


The state point of the steam before expansion could now be 
obtained from the H-<f> chart. The heat drop is, however, so small 
that a large scale diagram would be required for accuracy. The 
state can be calculated as follows— 


Entropy during expansion 


= 2-3 log ; 


10 


273-1 


x L/ 

+ 20 lb. per sq. in. (from tables) 

1 2 


17—(T.3434) 
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oo,_ 381-97 , 0-92 x 533-87 , 

= 23 lo gio iv7oTT“ H--= 162 


273-1 ' 381-97 

Entropy during expansion = 1-62 = 2-3 log 10 

Total heat before expansion 
— 603*47 = h j -f- %\L\ 


T , 


273 1 

(T x - 273-1) 


XiLj 


(1) 

( 2 ) 


From (2), x x L x = 603-47 + 273*1 -T x = 876-57 - T x 

T 87(v57 — T 

Substituting in (1), 1-62 = 2-3 log 10 H- 7jr— 1 

Solving this equation, T x = 384-6° C. (abs.) 

Pressure at this saturation temperature = 22 lb. per sq. in. approx. 

•. H x = hr X -f- %\L X 

603*47 = 111*83 + x x x 532-09 at 22 lb. per sq. in. (from tables) 
x = 0*924 

State of steam at entrance to fixed blades : Pressure = 22 lb. per 
sq. in. (abs.) ; dryness fraction = 0-924. 


Example 5. A reaction steam turbino is supplied with steam at 1601b. 
per sq. in. absolute pressure, superheated to 260° C., and exhausts at 1-6 lb. 
per sq. in. absolute. Assuming that the frictional loss in the blados is 25 
per cent of the adiabatic heat drop, and taking a re-heat factor of 1-06, find 
the steam used per horse-power hour developed. 

If the turbine dovelops 15,000 H.P. at 350 r.p.m., calculate the blade 
height and drum diameter at the point in the turbino whore the pressure is 
161b. per sq. in. absolute and the dryness factor 0-985. The discharge tip 
angle of the blades is 20°, and the blade velocity is 0-7 of the relative velocity 
of the discharging steam, and the blade height is ono-twelfth of the drum 
diameter. ( L’.L ., B.Sc. ( Eng.) t 1924.) 


Stage efficiency = 0-75 

internal efficiency of turbine = Re-heat factor X Stage efficiency 

= 1-05 X 0*75 = 0-7875 


Adiabatic heat drop from 150 lb. per sq. in. and 250° C. to 1-5 lb. 
per sq. in. = 179 C.H.U. (from H-<f> chart). 

Neglecting outside losses, Work done on rotor per pound of steam 
= 0-7875 x 179 X 1,400 = 197,350 ft-lb. 


Weight of steam required per horse-power hour 


33,000 X 60 
197,350 


= 10 lb. (approx.) 


Steam used per second 
_ H.P. x 10 
60 X 60 “ 


15,000 x 10 


41*67 lb. per sec. 


60 x 60 
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Specific volume of steam at 15 lb. per square inch 

— V — xV t where V s = Specific volume of dry steam at 
51b. per sq. in. 

= 0*985 x 26*27 = 25*88 cu. ft. per lb. 

Blade height 

i _ X 720 X 144 X A /where D is mean diameter \ 

1 tt 2 D 2 N sin y \ of blade ring J 

_ IF F X 720 X 144 X A / neglecting difference between\ 
“ tt 2 ^ 2 x 144 X N sin Y l D and actual drum diameter J 


/. A = 


j 


IFF X 720 x A 
n* X N sin y 

41-67 x 25-88 X 720 X 0-7 
3-14 X 3-14 x 350 X 0-342 


7 3 / 4 in. 


Mean drum diameter = 7 ft. 9 in. 


Example 6. A reaction turbine runs at 300 r.p.ra., and its steam consump¬ 
tion is 34,200 lb. per hour. The pressure of the steam at a certain pair is 
27 lb. per sq. in., its dryness is 0-93, and the horse-power developed by the 
pair is 4-5. The discharging blade tip angle is 20° for both fixed and moving 
blades and the axial velocity of flow is 0-72 of the blade velocity. 

Find the drum diameter and the blade height. Take the tip leakage steam 
as 0-8 per cent, but neglect blade thickness. (U.L., B.Sc. (Eng.), 1934.) 


Weight of steam passing through blades 

Tr , 0*92 X 34,200 0 _. „ , 

= W =- TT n^ Ti -= 8-74 lb. per second 

3,600 

Specific volume of steam (from tables) 

= V = 0*93 X 15*18 = 14*12 cu. ft. per lb. 
Velocity of blades 


U b = 


7 tDN 3*14 x D x 300 


60 


60 


= 15*7 D ft. per sec. 


where D = mean diameter of blade ring in feet. 

w u c u b 

g 550 

8*74 x U c X 15-7-D 


But horse-power = 


Hence 


4*5 = 


32*2 x 550 


and U 0 = ft. per sec. 

Now in Fig. 183 EC = 0-72C7* 

Hence U b + AC = EC X cot y 

AC = Z7 6 (0-72 cot 20° - 1) = 4*49£/ & 
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But 


Hence 


U e = U b + 2 AC = 9-98 U t = 9-98 X 15-77) 


582 

D 


156-7 D 
156-7 D 


and D— 1-93 ft. 

Now Axial velocity x nDh = WV 

Hence 0-72 U„ X 314 x 1-93 X h = 8-74 x 14-12 
8-74 X 14-12 

Hence ft - 0 . 72 x 15 . 7 x 1 . 93 x 3 -i4 x 1-93 
= 0-93 ft. = 116 in. 


EXAMPLES XII 

1. The nozzles of a turbine stage deliver 9 1b. of steam per second at an 

outlet angle of 18° and a speed of 1,400 ft. per second. If the blading outlet 
angle is 22°, and the blading velocity coefficient is 0-76, determine the blade 
power developed and the inlet blade angle. Take the peripheral speed of the 
wheel as 650 ft. per second. { IMech.E., 1924.) 

2. The steam supplied to a single row impulse wheel turbine expands in the 
nozzles over such a range that the adiabatic heat drop is 38 B.Th.U. per lb. 
The nozzle efficiency is 93 per cent and the nozzle angle is 16°. If the blading 
speed is 575 ft. per second, the outlet blade angle 18°, and the velocity co¬ 
efficient for the blading 0*82, determine a suitable inlet angle for the blade and 
the speed and direction of the steam after discharge from the blading. 

(I Mech.E., 1923.) 

3. At a stage of an impulse turbine the wheel diameter is 39 in. and the 

r.p.m. 3,000. Tho ratio, blade spoed/steam speed is 0*34, the nozzle efficiency 
0*93, disk and vane friction 3 per cent of stage heat drop ; blade entrance and 
exit angles 29° and 25° respectively, and velocity coefficient for blading 0*78. 
Draw tho velocity diagram and calculate (a) the work done on blading per lb. 
of steam ; (6) the stage efficiency. ( l.Mech.E., 1927.) 

4. Steam issues from a nozzle on to the blade ring of an impulse steam 

turbine with a velocity of 1,500 ft. per second. The receiving and discharging 
tips of the moving blades are inclined at 30° to tho plane of motion and the 
nozzle is inclined at 20° to that plane. The mean diameter of tho blade ring 
circle is 3 ft. The discharge from the nozzle is 0*23 lb. por second. Assuming 
a friction loss of 15 per cent in tho velocity of the steam relative to the blade 
whilst passing through the blade ring, find: (1) tho instantaneous torque on 
the shaft when the turbino is beginning to move ; (2) the speed of the turbine 
so that tho steam shall discharge axially, and the horse-power developed at 
thisspeed. ( U.L., B.Sc. {Eng.), 1925.) 

6. In a De Laval turbine in which the blades of the rotor have equal inlet 
and outlet angles, steam is supplied dry and saturated at 1501b. per sq. in. 
(abs.) and the exhaust pressure is 2 lb. per sq. in. (abs.). The nozzlo makes an 
angle of 20° with the direction of rotation of the blades and the peripheral speed 
of the blades is 1,100 ft. per second. Assuming that the losses due to friction 
and suporsaturation effects in the nozzle amount to 16 per cent, and that the 
relative velocity of tho steam at exit from blades is 80 per cent of that at inlet, 
calculate the velocity of discharge of the steam from the nozzles, the inlet 
angle of the blades for the condition that there should be no shock at entry, and 
the work done per lb. of steam. ( U.L ., B.Sc. {Eng.), 1926.) 
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6. In an impulse steam turbine the steam issues from the nozzle with a speed 
of 1,520 ft. per second. The velocity is compounded by passing the steam 
through a ring of moving blades, then through a ring of fixed blades, and 
finally through a second ring of moving blades. The tips of the moving 
blades at entry and exit are inclined 30° to the direction of motion of the blades, 
and the steam is to pass on and off the blades without shock. 

Assuming that the speed of the steam relative to a blade is reduced by 
friction by 10 per cent whilst passing over the blade, find the speed of the 
moving blades so that the final discharge shall be axial, and calculate the 
horse-power developed in the turbine under these conditions per lb. of steam 
supplied per second. 

What is the magnitude of the angle between the nozzle and the plane of the 
moving blades? ( U.L., B.Sc. (Eng.), 1920.) 

7. In a stage of an impulse turbine in which the velocity is compounded in 
two rings of moving blades separated by fixed blades the moving blades have 
tip angles of 30°, and the blade speed and the nozzle and fixed blade angles are 
designed on the assumption that the velocity of discharge from the nozzle is 
1,800 ft. per second, and the relative velocity of steam to blade is reduced by 
10 per cent in passing through each of the three blade rings, and that the final 
discharge shall bo axial. Determino the blade velocity and find the efficiency 
of the stage. 

What would be the approximate reduction in efficiency caused by reducing 
the blade speed by 10 per cent ? ( U.L., B.Sc. (Eng.), 1924.) 

8. The first stage of an impulse steam turbino is supplied with steam at 
200 lb. per sq. in. superheated to 250° C. The volocitv is compounded, there 
being two rings of moving blades separated by fixed blades. The pressure in 
the wheel chamber is 100 lb. per sq. in. Assuming an 8 per cent loss in the 
nozzle, find the velocity of the steam as it leaves the nozzle. 

Given that the angle of the tips of the moving blades is 30°, that tho blade 
velocity is one-fifth of that of the steam discharging from the nozzle, that the 
velocity of steam relative to a blade is reduced by 12 per cent during its passage 
through a blade ring, and that the nozzle and fixed blade angles are designed 
so that the steam shall pass through without shock, find the work developed 
per lb. of steam and tho efficiency of the stage. ( U.L., B.Sc. (Eng.), 1923.) 

9. In a reaction stoam turbine tho blade tips are inclined 35° and 20° to tho 
direction of motion. The guido blades are of the same shape as the moving 
blades but reversed in direction. At a certain place in the turbine the drum 
diameter is 3 ft. 6 in. and the blades are 4 in. high, and at this place the steam 
has a pressuro of 251b. per sq. in. and dryness 0-935. If the speed of tho 
turbine i9 250 r.p.m. and the steam passes through the blades without shock, 
find the power developed in the ring of moving blades. 

( U.L., B.Sc. (Eng.), 1923.) 

10. Explain carefully what is meant by “ re-heat factor” in turbine work, 
and indicate how this factor involves two efficiency ratios. 

An impulse turbino installation is to be arranged in three casings, H.P., 
I.P., and L.P., and to work between pressures of 2101b. per sq. in., with 
80° C. superheat and 1*1 lb. per sq. in. Allowing a re-heat factor of 1-075. and 
a loss of available heat (in receiver pipes, etc.) of 5 C.H.U. per lb., determine 
tho heat to bo allocated to each unit if the H.P. and I.P. are each to dovelop 
quarter power and the L.P. half power. Allow for hydraulic or stage 
efficiencies of H.P. 0*79, I.P. 0-76, L.P. 0-72. ( 17. L., B.Sc. (Eng.), 1921.) 

11. Explain what is meant by tho 44 ro-heat factor ” in steam turbino design. 

An impulse stoam turbine consists of eight stages and the efficiency of each 

stage is 70 por cent. The steam supply is at 215 lb. per sq. in. and 250° C., 
and the pressure in successive stages are in geometrical progression, the 
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condenser pressure being 1*5 lb. per eq. in. Find the re-heat factor for the 
turbine and the steam consumption per horse-power-hour. 

What is the thermal efficiency of the turbine ? 

( U.LB.Sc. (Eng.), 1925.) 

12. The low-pressure turbine of a naval installation receives 30*7 lb. of' 
steam per second from the high-pressure unit at 27 lb. per sq. in. and 0*915 dry. 
This steam expands to 12*5 lb. per sq. in. in the first two stages of the L.P. 
turbine with an efficiency ratio of 0*69. Into this steam at 12*5 lb. per sq. 
in. pressure there also passes 8*2 lb. per second of exhaust steam from the 
auxiliaries at 0*94 dry. The total steam quantity then expands through the 
succeeding stages to an exhaust pressure of 13 lb. per sq. in. If the horse¬ 
power developed in the turbine is 6,120, determine (a) the efficiency ratio of 
these later stages; (b) the condition of the steam at entrance to the third 
stage ; (c) the condition of the steam at exhaust from the last stage. Assume 
a leaving velocity at exhaust of 600 ft. per second. 

( U.L., B.Sc. (Eng.), 1921.) 


13. The condition of the steam at the beginning of an expansion in a 
reaction turbine is 501b. per sq. in., dryness 0-97 and the blade velocity is 

125 ft. per sec. If the efficiency is 75 per cent and the ratio a — ve j oc *ty 

blade voiocity 

varies in the expansion from 0-58 to 0-78, find the pressure at tho end of the 
expansion and the useful heat drop per pound of steam. 

If the exit blade angle is 20° for both fixed and moving blades, find the 
work done per pound of steam for a pair halfway along the expansion and 


estimate the number of pairs in the expansion. (U.L., B.Sc. (Eng.), 1935.) 
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CONDENSING, FEED WATER HEATING, 
RE-HEATING, ETC. 

Measurement of Vacuum. A vacuum gauge generally measures the 
vacuum in inches of mercury. Thus a mercury gauge reading of 
28 in. with the barometer standing at 30 in., would mean that the 
absolute pressure being measured was that due to 2 in. of mercury, 

namely X 2 = 0-49 x 2 = 0-98 lb. per sq. in. 

uU 

Hence if H b = Barometric height in inches of mercury 
H g = Gauge reading in inches of mercury 
p — Absolute pressure in lb. per sq. in. 
then p = 0-49 (H b - H g ) 

The barometric height is a variable quantity, and hence it is 
more convenient for purposes of comparison, to refer vacuum 
readings to a standard barometer of 30 in. Hence to correct any 
vacuum to standard we have the relation 

Standard vacuum = (30 - II b ) + Hg 

Mixtures o! Air and Water Vapour. Dalton showed that if a vessel 
contained a mixture of any gas with water vapour, the pressure of 
the vapour was the same for the same temperature, whether there 
was any gas present or not, and that the pressure of such a mixture 
was equal to the sum of the partial pressures which each constituent 
would exert if it were present in the same space by itself. 

Thus if t = temperature of an air-vapour mixture 
p g = vapour pressure corresponding to t° 
p a = partial air pressure corresponding to t° 
v s — specific volume of vapour at t° 
v a — specific volume of air at t° 
p v = pressure in vessel containing the mixture 
then p v = p t + p a and p a v a = li(t + 273) or R(t 460) 

Also if V — volume of vessel containing the mixture 
W 9 = weight of vapour 
W a = weight of air 
W m = weight of mixturo 
then V = W 9 v 9 = W a v a 

and W m = W, + W a = W, (l + = W. (l + ^ 

505 
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Example 1. Before the fire is lighted in a boiler the temperature is 20° 0., 
the pressure in the boiler being atmospheric. What will be the boiler pressure 
when the temperature has been raised to 160° C. ? If dry saturated steam is 
drawn off at this pressure, what weight of air will first come over per pound 
of steam ? Assume air is saturated. 


Vapour pressure at 20° C. = p sl = 0-339 lb. per sq. in. (Table B) 
Air pressure = p al = 14-7 - 0-339 = 14-36 lb. per sq. in. 

Let V = volume of steam and air space 

then for the air pV = wRT where V , w, and R are constant for the 
two temperatures. 

Hence air pressure at 160° C. 


Pal Pal X 


160 + 273 
20 + 273 


14-36 X 


433 

293 


= 21-22 lb. per sq. in. 


But steam pressure at 160° C. 

= p #2 = 89-64 lb. per sq. in. (Table B) 


Hence boiler pressure 


= p s2 + p a2 = 89-64 + 21-22 — 110-86 lb. per 

Now specific volume of air at 160° C. and 21-22 lb. per 

(160 + 273) 


- »• - 12 39 X 2W2 X 


273 


sq. in. 
sq. in. 


= 13-61 cu. ft. per lb. 
and specific volume of steam at 160° C. 

= v 8 = 4-93 cu. ft. per lb. (Table B) 


Hence weight of air 

= W a = W. x 2s = W, x = w > X 0 36 

that is weight of air per pound of steam ~ 0-36 lb. 

Classification of Condensers. Condensers may be classified broadly 
into two groups— 

1. Jet condensers in which the cooling water mixes with the 
steam which it condenses. 

2. Surface condensers in which the mixture of the condensing 
water and the steam is prevented by means of metal tubes. 

The first type may be subdivided into— 

(i) Parallel flow condensers in which both steam and water enter 
at the top, the mixture being removed from the bottom. 

(ii) Contra flow condensers in which the steam entering the 
bottom and flowing upwards, meets the down-coming eooling water. 
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(iii) Ejector condensers in which the steam and water mix in 
passing through a series of metal cones. 

The second type may be subdivided into— 

(i) The surface condenser in which the steam passes over a series 
of tubes through which the cooling water is flowing. 

(ii) The evaporative condenser in which the steam passes through 
a series of tubes down the outsides of which the cooling water is 
falling while a stream of air passes up outside the tubes. 

It is obvious that while in the jet condenser more intimate heat 
exchange between the cooling water and the steam is ensured, there 
is the practical disadvantage due to the mixing of the cooling water 
and the condensate, which disadvantage is obviated in the surface 
condenser. 

The pressure in a condenser can be lowered by removing the 
condensate as it is formed by means of an extraction pump. If only 
this one pump is used, any air carried over with the steam will 
tend to accumulate in the condenser, thus limiting the vacuum 
obtainable. For this reason in modern steam turbine plants the air 
is extracted separately from the condenser by means of an air pump 
or an air ejector. 

The Surface Condenser. One form of the surface condenser 
is shown in Fig. 187. The steam enters at the top, and, passing 
downwards over the tubes through which the cooling water is 
flowing, is condensed, the condensate being extracted at the 
bottom. 

The cooling water enters at one end of the tubes situated in the 
bottom half of the condenser, and after flowing to the other end, 
returns through the tubes situated in the top half of the condenser. 
The temperature of condensation therefore decreases as the steam 
passes downwards, and hence the partial pressure of the steam 
decreases from top to bottom of the condenser. The air exit is 
shielded from the downstream of condensate by means of a baffle, 
and thus it is extracted with only a comparatively small amount 
of water vapour. As the air passes downwards, it is progressively 
cooled and becomes denser, and hence it is extracted from the 
lowest convenient point. In a condenser of this type, therefore, the 
partial pressure of the steam decreases, the partial pressure of the 
air increases, while the total vacuum pressure falls as the mixture 
passes from top to bottom of the condenser. The result of these 
effects is that the condensate temperature falls below the vacuum 
temperature at the top. 

The regenerative condenser (Fig. 188) is designed on the principle 
that somo of the exhaust steam can pass unimpeded to the bottom 
of the condenser, and in passing upwards can meet the cooler 
condensate falling through the nest of cooling tubes. In this way 
the condensate is re-heated to a temperature more nearly that of the 
steam. The air is drawn from the centre of the condenser, but in 
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order to effect the maximum cooling, it is passed through a nest of 
cooler tubes before final extraction. 

From the above remarks it will be realized that the exact value 
of the condensation temperature is somewhat ambiguous, but a 



Fio. 187. Diagrammatic View showing the Steam Path in the 
Ordinary Downflow Type of Condenser 
(Metropolitan- Vickert) 

simple expression for the amount of cooling water may be found as 
follows— 

Let W 9 = weight of steam in pounds per minute 

x = dryness fraction of steam entering condenser 
h — sensible heat of water at temperature of condensation 
L = latent heat of steam at temperature of condensation 
h e = sensible heat of condensate 
^ and t 2 = inlet and outlet temperatures of cooling water 
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then, Weight of cooling water = 


W,(h + xL-h c ) 


lb. per min. 


This quantity can be obtained by another method if the steam 
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Fig. 188. Diagrammatic View showing the Steam Path in a 
Metro-Vick Central Flow Surface Condenser 

(Metropolitan-Vickers) 

consumption and initial conditions of the steam supply to the 
engine or turbine is known. 

Let W s = weight of steam condensed in pounds per minute 

w 8 = steam consumption of turbine in pounds per H.P.-hour 
H t = total heat of steam entering turbine in lb. cal. per lb. 
h c = sensible heat of condensate in lb. cal. per lb. 
then heat rejocted in condenser per pound of steam condensed 
1 414 
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and weight of cooling water 




1,414 

w* 


^2 ^1 


lb. per min. 


The expressions given above give the amount of water required 
j to chango the entering steam into liquid condensate. The air with 
a small amount of water vapour being drawn from a separate exit 
is generally cooled as it is removed by passing over a separate nest 
of cooling water tubes. The amount of this additional heat which 
must be removed by the cooling water can be determined approxim¬ 
ately as follows— 

Let the symbols have the meanings given to them on page 505 
and let the suffix 1 apply to the entrance of the integral cooler while 
the suffix 2 applies to the exit. 


Then p ttl = p vl - p sl and p a2 = p v2 - p )2 


Weight of vapour at entrance of integral cooler 

= w n = w al x v f 

U 8l 

Weight of vapour at exit of integral cooler 
= W a = W ttl X 

1 '82 

since the weight of air does not alter. 

Hence weight of vapour condensed 



Then if we take the latent heat of the vapour as L (assumed 
constant) 

Heat removed to cool vapour = W a ' X L 

Heat removed to cool air = W al X C v (t l - t 2 ) 

where ^ and t 2 are the temperatures of the air at inlet and outlet 
of the integral cooler. 

Hence the total amount of heat removed by the integral cooler 

= H '"HS-S) +c ' (, '- y 

The weight of air W al can be determined as shown in the following 
example. 

Example 2. State the law of partial pressures and show how it applies to 
the condenser of a steam plant. 

The following observations were made on a condenser plant in which the 
temperature of condensation was measured directly by thermometers. The 
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recorded condenser vacuum was 28*1 in. of mercury and the barometer read 
30*2 in. Temperature of condensation 33° C. Temperature of hot well 27-6° C. 
Weight of condensate per hour 3,935 lb. Weight of cooling water per hour 
126,7001b. Inlet temperature 8*51° C., outlet temperature 26-24° C. 

Find the state of the steam entering the condenser and the weight of air 
present per cubic foot of condenser volume. ( U.L. , D.Sc. (Eng.), 1931.) 

Tho condenser pressure p v , 

= (30-2 - 28-1) x 049 = 1-03 lb. per sq. in. (abs.) 

The vapour pressure corresponding to 33° C. = p s 
= 0*75 lb. per sq. in. (abs.) (Table B) 

The latent heat corresponding to this pressure L 
= 577*3 lb. cal. per lb. 

Hence W w {t 2 - t x ) — W 8 (h + xL - h c ) 

12G,700(26*24 - 8*51) = 3,935(33 + 577*3* - 27*6) 
whence * = 0*98 


The partial air pressure p a 

= p v -p s = 1-03 - 0*75 = 0*28 lb. per sq. in. (abs.) 
Let V = the volume occupied by vapour and air 
Then p a V = wRT 

Hence, Weight of air per cubic foot of condenser volume 



0*28 X 144 
96 x (273 + 33) 


0 0014 lb. per cu. ft. 


The Jet Condenser. The principles of the parallel flow jet 
condenser are illustrated in Fig. 189. 

The cooling water entering at A is sprayed through the nozzles 
B . The steam enters at C , and, in mixing with the water spray, is 
condensed, the mixture of condensate and cooling water falling to 
the bottom where it is extracted by the pump E. The air passing 
through a cooling water spray F is extracted by an air ejector H . 
If for any reason the water level in the condenser rises above a 
certain height, the float L operates a valve M, which allows air to 
enter at the top of the condenser through the pipe N, thus breaking 
the vacuum. 

The amount of cooling water required may be obtained by a 
similar method to that used for the surface condenser. Thus, if we 
use the same symbols as on pago 508, the final temperature of 
tho cooling water t 2 is the same as tho final temperature of the 
condensate t c . 

Hence 
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or Weight of cooling water 




lb. per min. 


In addition to this water, an additional quantity is required for 
air and vapour cooling. This may be calculated in a similar manner 
to that described for the surface condenser. 

In a parallel flow jet condenser there will generally be a difference 


Steam 



Fig. 189. JIick-Brequet Low Level Jet Condenser 


between the temperatures of the incoming steam and the outgoing 
condensate. Hence in the equations given above h is greater than 
h e . In the contra flow type the cooling water enters at the top and 
falls through a series of perforated trays, meeting the steam which 
enters near the bottom, the condensate being extracted from the 
bottom and the air being extracted from the top of the condenser. 
In this type, therefore, it is possible to make the temperature 
difference between the incoming steam and the condensate very 
nearly zero, and hence h e approximates to h. This reduces 
the quantity of cooling water required, and leaves more heat in 
the condensate. At the same time, the air in passing upward is 
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progressively cooled by the down-flowing water and hence increases 
in density as it rises. 

Jet condensers may be either of the low-level or of the high-level 
type. The low-level condenser is placed on the same level or 
immediately below the engine or turbine, and hence the condensate 
must be extracted by means of a pump, while the cooling water will 
enter under the suction produced by the vacuum. The high-level 
or barometric condenser is placed at a height greater than that of 
the water barometer and is provided with a long tail pipe. No 
extraction pump is therefore needed as the condensate will flow out 
under gravity and thus produce the necessary vacuum in the 


Water t W i 



Fig. 190. Principle of Evaporative Condenser 

condenser. A water pump will, however, be required to lift the cooling 
water up to the condenser level. 

The Evaporative Condenser. The principle of the evaporative 
condenser is shown in Fig. 190. The steam to be condensed enters 
at the top of a series of tubes round the outsides of which a film of 
cold water is falling. At the same time, a current of air circulates 
over the water film. 

Some of the cooling water is evaporated and, in passing off with 
the heated air, carries away a quantity of heat. The remainder of 
the cooling water at an increased temperature is collected and used 
again, its temperature being restored to the original value by the 
addition of the requisite quantity of cold make-up water. 

Let p b = the barometric pressure 

p 9l and p 92 = the partial atmospheric vapour pressures at 
inlet and outlet of the air stream 

p al and p a2 = the partial atmospheric air pressures at inlet 
and outlet of the air stream 
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v — specific volume 
w = specific weight 
t = temperatures as shown in Fig. 190 


Also let us assume for simplicity that the ingoing air is saturated 
with moisture. 


Then 


. RT 96 x T al 
Pax = P> - Psi and » al = p = 1 44 x |) 0 ” 


As the ingoing air is assumed to be saturated, the partial vapour 
pressure p sl is that corresponding to the temperature t al and can 
therefore be found from the steam tables. The corresponding value 
of the specific volume of the vapour v 8l can also be found from the 
steam tables, or from some formula such as Callendar’s character¬ 
istic equation (p. 378). 


Then 


Weight of vapour _ v al 
Weight of air v tl 


and the weight of vapour entering with 1 lb. of air = 


£ol 


The total heat of this vapour 1I X can be found from the steam 
tables, and hence 

Heat entering with 1 lb. of dry air = C v X t al (from 0° C.) 


Heat entering with accompanying vapour = — X II l 

V 8\ 

Hence 


Total heat entering with 1 lb. of dry air 

- c * x, “ + (v)"' 

In the same way, if all values are calculated for the temperature 
t a2 , then 

Weight of vapour leaving with 1 lb. of dry air — — 

V 32 

and Total heat leaving with 1 lb. of dry air 

-f.x 

Hence 

Total heat extracted from the steam by the saturated air 
stream = C v (t a2 - £ 0l ) + j H 2 - j H x lb. cal. per lb. dry air 

and Amount of water evaporated 


= — ~ — lb. per lb. dry air. 

*>.2 V n 
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Let = Total amount of water evaporated in pounds per hour 

W a = Total amount of dry air passing through condenser in 
pounds per hour 

W„ — Total amount of circulating water entering at in 
pounds per hour 

W g = Total amount of steam condensed in pounds per hour 
Then Weight of circulating water leaving at t w2 
= W w - W e lb. per hour 


and Heat carried away by circulating water 
Hence 

Heat from steam = Heat to air stream + Heat to circulating water 


W s (t tl + xL-t e ) = W a 


C v {tal - *al) + 


(S)MSK 


+ (W w - W e ) (t w2 -t wl ) 


If this process is to be continuous, an amount of make-up water 
equal to W e at some temperature must be supplied so that 

Heat to raise temperature of _ Heat to lower temperature of 
make-up from to t wl “ circulating water from t w2 to t wi 


that is W — {W\o “ W e ) (t w2 t wl ) 

Ur l ~ ^ir 3 


Hence W w -W e =W e 


t\v2 


Therefore 


and 


= wA v -^- v -^\ (r 3 —S-'l 

\ V 82 V 8lJ ytv2 twlj 

W ,(t,i + XL- t c ) = W a [c v (t ai - t al ) + ^ H, 

+ XL- t c ) 




+ (g) "* - (g) +(g - g) <*- - 

iO 

w 9 = w, + \) = w a (^2_SsA + A 

yv)2 “ ^tcl / \ v ta v sl) ywl-twl ) 



616 


APPLIED THERMODYNAMICS 


Example 3. A low-vacuum surface condenser uses the film evaporation 
method (evaporative condenser). The heat from the steam is transmitted 
through the tube walls and is taken up by a water film moving over the tube 
surface. The water partly evaporates into an air stream. The temperature 
of the water film remains constant at 50° C. The air enters in a saturated 
condition at 12° C. and leaves, saturated at 30° C. The heat to be extracted 
from the steam amounts to 500 C.H.U. per lb. 

It is estimated that an evaporation rate of 0*0007 lb. per sec. per sq. ft. 
of surface should be allowed. Determine the air flow and the surface necessary 
per 1,0001b. of steam per hour. 

The saturation pressures of steam at 12° C. and 30° C. are, respectively, 
0*42 in. Hg. and T26 in. Hg. For dry air take pv — 0*666 T; and for steam 

pv = T071 T, where p is in lb. per sq. in., v in cu. ft. per lb. and T is absolute 

temperature. Specific heat air, 0*24; barometer, 30 in. Hg. 

(U.L., J3.Sc. {Eng.), 1932.) 

U = t wi = 50° C. 

t al = 12° C. = 285° C. (abs.) 

t a2 = 30° C. = 303° C. (abs.) 

p sl = 0-49 X 0-42 = 0-206 lb. per sq. in. 

p s2 — 0-49 X 1-26 = 0-617 lb. per sq. in. 

H t = 600 C.H.U. per lb. 

H 2 = 609 C.H.U. per lb. (Table A) 

p al — 14-689 - 0-206 = 14-483 lb. per sq. in. 

p a2 = 14-689-0-617 = 14-072 lb. per sq. in. 


1-071 X 285 , , Q1 

V >1 =-TToTiH-= 1 > 481 cu - ft - P er lb - 


0-206 
_ 1-071 X 303 
V,i ~ 0-617 

0-666 x 285 


526 cu. ft. per lb. (from formula) 




V, 


14-483 
0-666 x 303 


a2 14-072 
t>«i _ 13 1 

V 


= 13-1 cu. ft. per lb. 

= 14-3 cu. ft. per lb. (from formula) 




= 0-0088 cu. ft. per lb. 


1,481 

^ = 0-0273 cu. ft. per lb. 

v* 526 r 


Then Heat from steam == Heat to air stream and cooling water. 
W 9 X 500 sss W a [0-24(30- 12) + (0-0272 x 609-0-0088 X 600)] 
Hence the air flow 

TI7 jj~ 500 1,000 x 500 

' "15-6 


= 32,051 lb. per hour. 
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and water evaporated 

W e — W a (—~ — \ = 32,051(0-0272 - 0-0088) 

\ V 82 V 8l/ 

= 589*74 lb. per hour 

Hence heating surface = ^^.BOO = 234 sq. ft. 


Regenerative Feed Heating. When considering the Rankine 
cycle it was seen that its efficiency was lower than that of the 
corresponding Carnot cycle working between the same two extreme 
temperatures. In the case of the Stirling cycle (p. 131), however, 
an efficiency equal to that of the Carnot cycle can be obtained by 
means of a regenerative process. This regenerative effect can be 
approximated to in practice, in the 
case of steam, by abstracting heat from 
the steam at one or more stages of the 
expansion in the turbine and giving 
this heat to the feed water during its 
passage from the condenser to the 
boiler. 

We will first consider the ideal case in 
which the number of stages is infinite; 
that is, there is a continuous abstraction 
of heat from the steam during expan¬ 
sion, this heat progressively raising 
the temperature of the feed water 
from the condensate temperature to that of the boiler steam. 

In Fig. 191 let A BCD be the temperature-entropy diagram of the 
Rankine cycle working between the temperatures 1\ and T 2 . If 
heat is continuously abstracted from the steam during expansion, 
tills expansion will no longer be down the adiabatic line CD , but 
along some line CF, the steam becoming progressively wetter than 
would be the case with adiabatic expansion. As this heat is to be 
just enough to heat the feed water from r i\ to T lt the area FCNM 
must equal the area ABLK and the curve FC will be parallel to the 
curve AB. 



Fig. 191. Ideal Regen¬ 
erative Cycle 


Henco FD = AE and Area FCNM == Area ABLK 
Therefore 


Efficiency = 


Net heat supplied - Heat rejected 
Net heat supplied 


Area BCNL - Area AFMK 
Area BCNL 


Area BCNL - Area EDNL 


Area BCNL 
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_I 1 xT 1 -iiXT ! 

Ti ' 

This is the Carnot efficiency. 

This ideal regenerative cycle is impracticable, and in practice steam 
is extracted from the turbine at one or more stages of the expansion. 
The extracted steam passes through heat exchangers and gives up 




Fig. 192. Feed Water Re heating by Extracted Steam 


its heat to the feed water, the condensed extracted steam being then 
returned to the condenser or to some part of the feed-water circuit. 

As a practical example let us consider a case where there is one 
steam extraction, the condensed extracted steam being returned to 
the condenser (Fig. 192 (a) ). We will assume that the heated feed 
water and the condensed extracted steam both leave the heat 
exchanger at the same temperature. 

The temperature-entropy diagram is ABCEF (Fig. 192 (b) ), the 
expansion in the turbine being represented by CE , while some steam 
is extracted at D and in passing through the heat exchanger con¬ 
denses from D to G , thus heating the feed water from F to G. 

Let W = Weight of steam entering turbine at pressure 

w = Weight of steam extracted from turbine at pressure p a 

then 

W - w = Weight of stuff leaving turbine exhaust at pressure p 3 
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If the total heats per pound at the various points of the circuit 
ABCEF are as shown in Fig. 192 (a), then as the boiler receives the 
feed water with sensible heat h 2 

Heat supplied to turbine = W(H x - h 2 ) 

Heat rejected to condenser by turbine 

= (W-w) (£T 3 -*b) 

Heat rejected to condenser by heat exchanger condensate 
= w(h 2 - Ag) 


Hence Heat per pound of steam converted into work 


W(H X -K)-(W-w) (tfg - K) - MK - h 3 ) 
w 


Therefore 
Efficiency — 


(/A - K) - /1 - (// 3 - K) - - h) 

Heat per pound of steam converted into work 
Heat supplied per pound of steam 


(H\ - h 2 ) - ^1 - pp j (# 8 - A^) - yp(A" 2 ~ A- 3 ) 


The value of the quantity pp 


can be found as follows—- 


Heat given to feed water = Heat given up by extracted steam 
That is W(h 2 - h 3 ) = w(II 2 - h 2 ) 


Hence 


%V 1lrn Ao 

W = H 2 -h 2 


The case just considered deals with only one feed reheat. In 
practice this is generally carried out at more than one pressure, the 
condensates from the heaters being disposed of in various ways. Let 
us consider the case of two heaters in cascade, that is when the 
condensate from the first heater passes through the second heater 
and then to the condenser. Then referring to the temperature- 
entropy diagram (Fig. 192 (b) ), steam is extracted from the turbine 
at D and passes through the first heater. In doing so it condenses 
and heats the feed water from F to G , and leaves the heater with 
sensible heat h 2 . This condensate passes through the second heater 
where it gives up heat equal to h 2 - A 3 to the feed water after which 
it passes to the condenser. The second heater receives bled steam 
from the turbine at E, this steam giving up heat to the feed water 
and leaving the heater with sensible heat equal to Ag. In the second 
heater the feed water is heated from K to F. 
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Let W = Weight of steam entering turbine at pressure p 1 

w 2 = Weight of steam extracted from turbine at pressure p 2 
u> 3 = Weight of steam extracted from turbine at pressure p z 
then W - (iv 2 + w d ) = Weight of stuff leaving turbine exhaust at ' 

pressure p 4 

Then 

Heat supplied to turbine 

= W(H^h 2 ) 

Heat rejected to condenser by turbine 
= [W - (w 2 + w z ) ](// 4 - A 4 ) 

Heat rejected to condenser by heater condensates 

= (w 2 + w s) (K “ ^ 4 ) 


Hence Heat per pound of steam converted into work 

_ W(II 1Z h 2 ) - (W - w 2 - w 2 ){H a - A 4 ) - (w 2 + w 3 )(h 3 - h t ) 
^ W 

= (H t - K) - ^ ) (A,- K) 


In the first heater 

Heat given to feed water = Heat given up by extracted steam 
Hence W ( h 2 -h^) = w 2 (H 2 - h 2 ) 


and 


w 2 _ A 2 “ A3 

w ~ h ~- T 2 


In the second heater 


W (A 3 — hi) — w 3 (H 3 — A 3 ) w 2 (A 2 — ^ 3 ) 

w z _ A3 ~ A 4 _ ^2(^2 — A3) 

W ~ H 3 - hq W(H z -hz) 


In the cases just considered, the feed-water heaters are assumed 
to be constructed in a manner similar to that of a surface condenser, 
that is the extracted steam and the feed water to be heated do not 
come into equal contact, but are separated by the tube walls. In 
practice the temperature of the condensed extracted steam leaving 
the heater would be higher than the temperature of the feed water 
entering the heater, and hence it has been assumed that the sensible 
heat of the condensed extracted steam is h 2 and not A 3 . (See Fig. 
192.) Sensible heat equal to A 2 “Aj * 8 therefore rejected to the 
condenser. Let us now assume the case of a single extraction where 
the condensed extracted steam is not rejected to the condenser, but 
is added to the feed water leaving the condenser. This could be 
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done by having a contact feed heater in which the extracted steam 
and the feed water came into actual contact in the heater, the 
mixture being pumped into the boiler. In these circumstances the 
extracted steam rejects no heat to the condenser. 

Thenr 

Heat converted into work = W(H X - h 2 ) - (W - w) (H z - h 3 ) 

(H 3 -h 3 ) 

and Efficiency = -^^- 

also Heat given up by extracted steam = Heat given to feed water 
w(H 2 - h 2 ) = ( W - w) (h 2 - h z ) 


whence 


IV hn — Jbn 

W = 


This case is illustrated in Example 4. 

The equations just given also apply to the case of the surface type 
of feed-water heater when the condensed extracted steam is pumped 
into the feed-water line instead of being rejected to the condenser. 


Example 4. In some modem stoam-power plants the feed water is heated 
by live steam extracted from the turbines at some suitable point in the 
expansion range. The work obtained from each pound of boiler steam is thus 
reduced, but as the heat suppliod to each pound of steam in the boiler is also 
reduced a gain in thermal efficiency generally results from the process. Show 
that this is the case in the following example— 

Steam enters h.p. turbine at 500 lb. per sq. in. with 200° F. (111° C.) super¬ 
heat; steam loaves h.p. and enters l.p. turbine at 60 lb. per sq. in. abs., dry; 
steam leaves l.p. turbine at 0*5 lb. per sq. in. abs., 0-84 dry. Steam is extracted 
between the two turbines and used in a contact feed heater, mixture leaves 
heater and enters boiler at 292-6° F. (144-8° C.) ( I.Mech.E ., 1929.) 


Total heat of steam at 500 lb. per sq. in. with 111 0 C. superheat 
= = 744-2 C.H.U. per lb. (Table D) 

Total heat of steam at 60 lb. per sq. in. dry 

= H 2 = 655-5 C.H.U. per lb. (Table A) 

Sensible heat of water corresponding to this (Sat. Temp. 144-9° C.) 
= = 145-7 C.H.U. per lb. (Table A) 


Total heat of stuff at 0-5 lb. per sq. in. and 0-84 dry 

= = 26 -f 0-84 X 581 = 514 C.H.U.perlb.(TableA) 

Sensible heat corresponding to this 
= A 3 = 26 C.H.U. per lb. 


Then 


w _ hi-hi __ 145-7 - 26 _ 
W~ H t -hi ~ 655-5 - 26 ~ 
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(#i 


and effioiency = -- 






H x - h 2 


(744-2 - 145-7) - (1 - 0 19) (514 - 26) 


744-2 - 145-7 


0-339 


If there is no feed-water heating 
Rankine efficiency = 

744-2-514 
~ 744-2-26 


= 0-321 



Steam Re-heating. In the ordinary Rankine cycle the steam 
supplied to the high-pressure end of the turbine has received all its 
heat from the boiler. If the expansion in the turbine were adiabatic, 
the steam would progressively lose its superheat (if any), and then 
become gradually wetter. It must be remembered, however, that 
this simple adiabatic expansion is modified in practice by the effect 
of friction, which causes an internal re-heating effect as explained 
on page 497. In modem practice the steam also receives heat at 
one or more stages during the expansion from an external source. 
This can be done by withdrawing the steam from the turbine at 
some stage in the expansion, passing it through heating coils in the 
boiler where it is resuperheated, at the extraction pressure, and 
returning it to the turbine at this pressure, where it continues its 
expansion. Further extractions and re-heats can then be carried out 
at lower pressures. The process for one re-heat is shown in Fig. 193, 
where true adiabatic expansion is assumed. 

The state of the steam entering the turbine is represented by the 
point A and adiabatic expansion from the pressure p 1 to the pressure 
p 2 takes place from A to B. The steam is then extracted from the 
turbine and reheated at the pressure p 2 , the consequent change in 
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state of the steam being represented by BC. The steam now re¬ 
enters the turbine in a condition represented by the point C , and 
expands adiabatically along CD from the pressure p 2 to the pressure 
p 8 , final extraction to the condenser occurring at the point D, 

The work obtained in the turbine per pound of steam is measured 
by the sum of the adiabatic heat drop from the initial pressure p x 
to the extraction pressure p 2} and the adiabatic heat drop from the 
pressure p 2 to the final exhaust pressure p 3 . The heat supplied is that 
put into the working substance by the boiler at the pressure pj, 
and that added during the re-heat. 


Hence 

Work dono per pound of steam = (H 1 - H 2 ) -\- (II 3 - H A ) 
Heat supplied per pound of steam = (H 1 - h^) + (H 3 - II 2 ) 


Cycle efficiency — 


(Ht-hJ + iHt-Hj 


Example 5. Describe the construction of a heat-entropy chart for steam. 
Select sufficient values from the steam tables to construct so much of such a 
chart as will enable you to trace out on it the following changes in steam 
condition. Steam at 250 lb. per sq. in. abs. with 100° F. (55° C.) superheat 
expanded in an H.P. turbine to 35 lb. per sq. in. abs. with an efficiency ratio 
of 0-7, thon reheated at 35 lb. per sq. in. to the original temperature and 
expandod in an L.P. turbine to 1*2 lb. per sq. in. abs. with an efficiency ratio 
of 0-78. Determine the steam condition at the final pressure (1*2 lb. per sq. 
in.) and estimate the power that would bo developed in the two turbines from 
a steam flow of 10 lb. per sec. ( I.Mech.E ., 1927.) 


The required details from the total heat-entropy chart are shown 
in Fig. 11)4, where the path taken by the steam is represented by 
the curve A CDF. 

The steam is supplied to the h.p. turbine in a condition represented 
by the point A , where 

Total heat at 250 lb. per sq. in. and 55° C. of superheat 
= H k = 706 C.H.U. per lb. 

After adiabatic expansion to 35 lb. per sq. in., total heat 
= - 614 C.H.U. per lb. 

Hence Adiabatic heat drop 

= II ^ - II v = 706 - 614 = 92 C.H.U. per lb. 

Hence Actual heat drop 

= H k - II c = 0-7 X 92 = 64*4 C.H.U. per lb. 
and Total heat after actual expansion to 35 lb. per sq. in. 

= H 0 = 706 - 644 = 641-6 C.H.U. per lb. 


Saturation temperature at 250 lb. per sq. in. = 205° C. (Table 1) 
Hence Temperature at A == 205 + 55 = 260° C. 

Saturation temperature at 35 lb. per sq. in. = 126° C. 
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Hence Superheat at 35 lb. per sq. in. and 260° C. 

= 260-126 = 134° C. 

Either this superheat or the actual temperature fixes the point 
D representing the condition of the steam after reheating. 

Total heat at D = H D = 717 C.H.U. per lb. 

Adiabatic heat drop to 1*2 lb. per sq. in. 

= Hj> - H h = 717 - 576 = 141 C.H.U. per lb. 



Entropy 
Fig. 194 


Hence actual heat drop 

= # D - H v = 0-78 X 141 = 110 C.H.U. per lb. 


and final total heat 

= H r = 717 - 110 = 607 C.H.U. per lb. 
also final dryness fraction = 0*988 


Heat equivalent of work done in the two turbines 

= (H ± - H 0 ) + (tf D - H w ) = 64*4 + 110 = 174*4 C.H.U. per lb. 


and 


Total power = 


10 X 174*4 X 1,400 
550 


= 4,439 H.P. 


Example 6. In a power plant the boiler supplies 10 lb. of steam per second 
to a high-pressure turbine at 300 lb. per sq. in. abs., with 50° F. superheat, 
and it is there expanded to 40 lb. per sq. in. abs. 0*98 dry. The exhaust from 
the turbine is mixed with boiler steam throttled to 40 lb. per sq. in. abs. 
supplied at the rate of 1 lb. per sec., and the mixture is expanded in a low* 
pressure turbine to 1 lb. per sq. in. abs., 0-95 dry. Determine the total power 
developed in the turbines and their overall thermal efficiency. 

(I.Mcch.E., 1933.) 
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This example can be solved by means of the H-<f> chart from which 
the various values of total heat can be read directly. 

Thus 

Total heat of boiler steam at 300 lb. 
per sq. in. and 50° F. superheat = 692 C.H.U. per lb. 

Total heat after expansion to 40 lb. 

per sq. in., 0*98 dry = 642 C.H.U. per lb. 

This steam is now mixed with throttled boiler steam at the same 
pressure. 

Let II — Total heat of final mixture 

Then 10 (H - 642) = 1(692 - H) 

7 119 

and H = = 647 C.H.U. per lb. 

Total heat after further expansion 

to 1 lb. per sq. in., 0-95 dry = 585 C.H.U. per lb. 

Hence Work in H.P. turbine 

= 10(692 - 642) = 500 C.H.U. per sec. 

Work in L.P. turbine 

- 11(647 - 585) = 682 C.H.U. per sec. 

and Total power 

= (500 + 6gl,400 _3 |009H .P. 

Sensible heat at 1 lb. per sq. in. 

= 39 C.H.U. per lb. 

Hence Efficiency = ^692-39) = 0-164 

Production of Steam Above the Critical Point. It is possible to 
produce superheated steam from water without passing through the 
wet vapour stage. In order to do this the water must first be 
brought up to a pressure just above the critical pressure (3,200 lb. 
per sq. in.), and then heated above the critical temperature (374° C.). 
The process is illustrated in Fig. 195, given by Schiile.* 

If water is heated under a rising pressure so that the pressure at 
any moment is the saturation value corresponding to the temperature 
at that moment, it would pass along the liquid curve OFC. If, 
however, the water is first raised in pressure to some value p, less 
than the critical, and then heated, it will pass along the curve DF . 
This curve will meet the liquid curve at the point F , where the 

* Technical Thermodynamics , by Schiile, translated by Geyer (Pitman). 
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temperature is the saturation value corresponding to the pressure 
p 9 . Further heating will cause the water to evaporate in the usual 
way along the horizontal line through F. On the other hand, if the 
water is first brought to the critical pressure p c and then heated, its 
state throughout the heating is indicated by the curve D e C extended 
into the superheated region. In this case the curve just touches the 
boundary curve to the wet vapour region, but superheated steam is 
produced without passing through the wet vapour state. If the cold 
water is first brought to a pressure above the critical value, the 



Fig. 195. Production of Steam Above the Critical Point 


substance passes along the curve D l A l A 2 and the water changes 
into superheated steam, without there being any definite point 
where the liquid state ceases and the gaseous state begins. 

In this way superheated steam can be produced without the 
production of ebullition due to the wet vapour stage. The steam, 
however, is at too high a pressure for practical use, but this can easily 
be reduced by throttling, during which the total heat remains 
constant. The choice of the point at which throttling commences 
is, however, important. If it is started at A 1% then the state curve 
will meet the liquid curve at B x and liquefaction will take place. If 
throttling starts at A , the state curve meets the saturation curve at 
B and this steam could be expanded from B in a turbine. If one 
considers adiabatic expansion from B , however, it will be seen that 
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the steam would soon become very wot. It could be superheated at 
B along the constant pressure line BF V and then it could be expanded 
satisfactorily from the point F v If throttling started at the point 
A 2 the steam would never become wet during the throttling. 

This process has been used in the Benson Steam Generator. 

The Binary Vapour Cycle, The Carnot cycle efficiency indicates 
that the higher the initial temperature of the working substance, 
the greater will be the efficiency of the cycle. The critical temper¬ 
ature of steam is 374° C. at which the pressure is 3,200 lb. per sq. in. 
It would seem at first sight that, by superheating, high steam temper¬ 
atures could be obtained without the necessity of such high pres¬ 
sures. It is found, however, that the thermal efficiency depends on 
the saturation temperature corresponding to the supply pressure 
rather than on the superheat temperature. 

The critical temperature of mercury is above 1,000° C. and its 
saturation temperatures are considerably higher than those for 
steam at the same pressures, as shown in Table XXIV. 

TABLE XXIV 


Vapour 
Pressure 
lb. per sq. 
in. 

Temp. 

°C. 

h 

L 

H 

4> 

Liquid 

4> 

Vapour 

0-2 

184 

6-8 

71*37 

78-17 i 

i 

0-0169 

0-1748 

0*8 

225 

7-44 

70-94 

78-38 

0-0200 

0-1631 

10 

235 

7*79 

70-87 

78-66 

0-0205 

0-1612 

10-0 

336 

111 

69-91 

81-01 

0*0265 

0-1425 

500 

434 

14-4 

69-22 

83-62 

0-0316 

0-1305 

700 

453 

15-1 

69-07 

84-17 

0-0327 

0-1281 

1000 

487 

16-3 

68-88 

85-18 

0-0340 

0-1257 

1500 

520 

17-4 

68-67 

86-07 

0-0356 

0-1229 


From these figures it will be seen that mercury at moderate 
pressures can be used at temperatures to attain which with steam 
would mean a very considerable amount of superheat. 

The Binary Vapour Cycle is illustrated in Figs. 19G and 197. 
Gaseous mercury supplied from a mercury boiler at 70 lb. per sq. in. 
(saturation temperature 453° C.) is allowed to expand in a turbine 
to a pressure of 0*8 lb. per sq. in., and so do work. For simplicity 
this expansion will be assumed to be adiabatic and it is represented 
in Figs. 196 and 197 by the lino CD. The final dryness fraction of 

AD 

the mercury vapour at D is given by = 0-75. This wet mercury 

vapour now enters a mercury condenser supplied with water at a 
pressure of 350 lb. per sq. in. (saturation temperature 222° C.) and 
represented by the point E . The mercury condenses and the water 
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evaporates. The condensation of the mercury is represented by the 
line DA and the evaporation of the water by the line EF. The 
liquid mercury at A is pumped into the mercury boiler where it is 
heated to B and evaporated to C . The steam represented by the 
point F expands in a steam turbine to a pressure of 0-5 lb. per sq. 
in. Again assuming adiabatic expansion, this is shown by the line 
FK . The steam is then condensed in the usual way, and returned 
to the water heater where it is heated to a temperature of 222° C. 
at a pressure of 350 lb. per sq. in. In this example it is assumed 
that the heat given up by the condensed mercury is just sufficient 



Fio. 196. Temperature-Entropy Chart for Binary 
Vapour Cycle 


to produce dry steam, although in practice the steam would probably 
be superheated. 

Let L t — Latent heat of steam at 350 lb. per sq. in. 

= 447-4 C.H.U. per lb. 

L m — Latent heat of mercury at 0-8 lb. per sq. in. 

= 71 C.H.U. per lb. 

Then 

Heat rejected by mercury = Heat received by water 
Weight of mercury X Dryness xL ffl = Weight of water x L 9 
Weight of mercury __ 447*4 __ 

an Weight of water 0*75 X 71 

The values taken for Figs. 196 and 197 are therefore for 8*4 lb. 
of mercury and for 1 lb. of water. 

From Table XXIV, p. 527, 

Total heat of 8*4 lb. mercury at 70 lb. per sq. in. (Point C) 

= 8*4 X 84*17 = 707 C.H.U. 
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Total heat after adiabatic expansion to 0-8 lb. per sq. in. (Point D) 
= 8-4(7-44 + 0-75 X 70-94) = 509 C.H.U. 

Henoe Work done by 8-4 lb. mercury 
= 707 - 509 = 198 C.H.U. 

Total heat of 1 lb. steam at 350 lb. per sq. in. (Point F) 

= 675 C.H.U. 



Fia. 197. Total Heat-Entropy Chart for Binary Vapour 

Cycle 

Total heat after adiabatic expansion to 0*5 lb. per sq. in. (Point K) 
= 449 C.H.U. 

Henoe Work done by 1 lb. steam = 675 - 449 = 226 C.H.U. 
and Total work done = 198 + 226 — 424 C.H.U. 

Heat supplied to mercury = 8*4(H 0 - fe A ) (Fig. 196) 

= 8 4(84*17 - 7*44) = 644 C.H.U. 
Heat supplied to steam = - h Q 

= 228 -26 = 202 C.H.U. 

Hence Total heat supplied == 644 + 202 = 846 C.H.U. 

424 

and Efficiency of cycle = ^ = 0*50 

In a practical case there would be a certain amount of reheating 
due to friction during expansion, and hence the points D and K 
would be to the right of the positions shown in Figs. 196 and 197. 
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EXAMPLES XIII 

1. How does the presence of air affect the working of a surface condenser? 
The vacuum at the bottom of a surface condenser is 26*8 in. of mercury 
(barometer 29*8 in.), the temperature at the air pump suction is 100° F. 
(37*7° C.). If the rate of air leakage into the condenser is 1 lb. per 1,000 lb/ 
of steam, estimate the weight of air and vapour removed by the air pump 
per minute when the engine consumption is 30,000 lb. of steam per hour. 

Take R for air as 53*3 in equation pv = RT. (I.Mech.E 1930.) 

2. A steam engine is supplied with dry steam at 300 lb. per sq. in. abs., 
exhausts against a back pressure of 2 lb. per sq. in. abs. and develops 760 
I.H.P. with a consumption rate of 15 lb. of steam per I.H.P. hour. Determine 
the indicated thermal efficiency and also the condition of the steam entering 
the condenser, neglecting all extornal losses. Estimate the amount of cooling 
water requirod at the surface condenser if the permissible rise of temperature 
is 36° F. (20° C.) and the condensate loaves at 118° F. (47*8° C.). 

(I.Mech.E., 1931.) 

3. The temperature in a surface condenser near to the air-pump suction is 
115*7° F. (46*49° C.) when the vacuum is 26*12 in. with a 30-in. barometer. 
The condenser receives 40,000 lb. of steam per hour and the air leakage is 
0*3 lb. per 1,0001b. of steam. Estimate the necessary swept volume per 
minute of the dry air-pump, assuming that its volumetric efficiency is 0*85. 

(I.Mech.E., 1932.) 

4. A barometric jet condenser deals with 10,000 lb. of steam, 0*96 dry, per 
hour, and maintains a vacuum of 26*5 in. (barometer 30 in.). The cooling 
water enters at 55° F. and the mixed condensate and cooling water leave at 
108° F. Sketch a typical condenser showing the connections to the air-pump 
and hotwell. Estimate (a) the cooling water required per hour, and (b) the 
minimum height of the tail pipe above the level of the hotwell. 

(I.Mech.E., 1933.) 

5. A steam turbine is supplied with 6 lb. of steam per second at a pressure 
of 200 lb. per sq. in. abs. with 160° F. (89° C.) superheat. Exhaust takes place 
at 1*5 lb. per sq. in. abs. At a stage of pressure of 20 lb. per sq. in. abs. steam 
is tapped off to heat the feed in a surface heater to the corresponding satur¬ 
ation temperature. Assuming the efficiency for any range of expansion as 
0*75, determine the power developed and the thermal efficiency of the plant. 

(I.Mech.E., 1935.) 

6. In a marine plant the boilers supply steam at 250 lb. per sq. in. abs. 

with 120° F. (67° C.) superheat to the main engines and auxiliaries. The main 
engines develop 2,000 I.H.P. at a consumption rate of 10*2 lb. of steam per 
I.H.P. hour, and exhaust at 2 lb. per sq. in. abs. Tho auxiliaries develop 
130 I.H.P. at a consumption rate of 30 lb. per I.H.P. hour and exhaust at 
15 lb. per sq. in. abs. The exhaust steam from the auxiliaries is used to hoat 
the feed water, the condensato from the heater being drained to the hotwell. 
The temperature of the condonsate from the engines entering tho hotwell is 
100° F. Estimate (a) tho total heat (above 32° F.) per pound of steam leaving 
the auxiliaries, (b) tho total heat per pound of feed leaving the exhaust heater 
and entering the boilor, and (c) the net indicated thermal efficiency of the 
plant if the boilor efficiency is 0*73. (I.Mech.E., 1935.) 

7. A turbine is supplied with steam at 250 lb. per sq. in. abs., superheated 
to 300° C. Adiabatic expansion then takes place to 100 lb. per sq. in. abs. 
after which the steam is removed and reheated to the original temperature. 
It is then expanded adiabatically in the turbine to 15 lb. per sq. in. abs., at 
which point a fraction is extracted to heat the feed water, the remainder 
expanding in the turbine to a final pressure of J lb. per sq. in. abs. The 
condensate from the food-water heator is pumped back into the feed-water 
line. What is the efficiency of the cycle compared with the corresponding 
Rankine efficiency ? 
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8. A surface condenser has separate air and steam extraction, the air being 
cooled by an integral cooler before passing to the air extraction pump. The 
condensation temperature at entry to condenser is 90° F., the steam entering 
dry and the temperatures at entry and exit of the cooler are 88° F. and 
79*6° F. respectively. Steam is condensed at the rate of 200 lb. per minute, 
whilo the air leakage is 0*15 lb. per minute. It may be assumed that the 
vacuum is constant throughout the condenser. 

Find the necessary pump cylinder capacity if single acting and running at 
a speed of 100 r.p.m., and the heat to be carried away in the cooling water of 
the air cooler. 

Assume R for air — 53*2 ft-lb. per lb. per degree F. and C v for air = 0-24. 

( U . Nottm.> B>Sc. t Pass ( Eng.) t 1950.) 

9. In an evaporative condenser the steam enters the condensing tubes dry 
saturated at 100 lb. per square inch absolute and leaves as water without 
undercooling. The cooling water film may be considered as at a constant 
temperature. The air enters at 54° F. and leaves at 86° F. and may be con¬ 
sidered as saturated at exit and entry. 

If 1,000 pounds of steam is to be condensed per hour, find the necessary air 
flow, and the amount of cooling water evaporated per hour. 

Assume a barometer of 30 inches, and the specific heat of air as 0-24 B.Th.U. 
per lb., per degree F. Take R = 53-3 foot pounds per pound per degree F. 
The necessary properties of steam are— 


Saturation 

Temporaturo 

0 F. 

Saturation 
Pressure 
lb. per sq. in. 
abs. 

Total Heat of 
dry vapour 
B.Th.U. per 1 
lb. 

Specific 

Volume 

Cu. ft. per 
lb. 

54 

86 

0-21 

0-62 

1,081 

1,099 

1,500 

527 



( U. Nottm ., B.Sc. ( Eng .), 1951.) 
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CHAPTER XIV 

STEAM ENGINE AND BOILER TRIALS 


Limitations of space allow only a brief survey of the vast subject 
of heat engine trials in this chapter, and the student is referred for 
more detailed information to the report of the Heat Engines Trials 
Committee, 51 ' and to standard works on engine testing, f 

Heat Account for a Steam Engine. In order to draw up a heat 
account for a steam engine the following measurements are 
necessary— 

(i) The amount of steam supplied. 

(ii) The pressure of the steam supply at the engine stop valve. 

(iii) The dryness fraction (if wet), or the temperature (if super¬ 
heated) of the steam supply. 

(iv) The indicated horse-power of the engine. 

(v) The brake horse-power of the engine. 

(vi) The amount of steam jacket drainage (if any). 

(vii) The temperature or pressure of the exhaust steam (if non¬ 
condensing). 

If the engine is used with a condenser, it is usual to include the 
condensing system in the heat balance, and the following additional 
particulars are required— 

(viii) The amount of cooling water used. 

(ix) The initial and final temperatures of the cooling water. 

(x) The temperature of the condensate. 

If the engine is fitted with a surface condenser, the amount of 
steam supplied can be determined by measuring the condensate 
either by direct weighing, by the use of calibrated tanks or by means 
of a V notch. Care must bo taken that there are no leaks between 
the engine and the point where the condensate is collected. In the 
case of a non-condensing engine, the feed to the boiler may be 
determined, but this quantity will include— 

(a) The steam leakage between the boiler and the engine. 

(b) The steam condensed in the pipe line between the boiler and 
the engine. 

(c) The steam used for driving the boiler feed pump and any 
other auxiliaries. 

The use of steam flow meters is not very satisfactory with recipro¬ 
cating engines owing to the dependence of such meters for accuracy 
on constant steam conditions. 

* Report on tabulating results of Heat Engines Trials (Inst. O.E., 1927). 

f The Testing of Motive Power Engines , by Royds. 

532 
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If the steam supply is superheated, it is a simple matter to measure 
the pressure and temperature of the steam at the engine stop valve. 
If the steam is slightly wet, a throttling calorimeter can be used to 
determine the dryness fraction. The great difficulty, however, is to 
obtain a representative sample of the steam. A plain sampling pipe 
simply screwed flush into the side of the main steam pipe will give 
too high a reading of the dryness fraction, owing to the entry of the 
sampling pipe being at right angles to the steam flow, and the water 
therefore not turning into the pipe so readily as the vapour. A 
sampling pipe provided with holes and screwed into the main steam 
pipe so that it is situated across the steam flow is more satisfactory, 
although even here there is some uncertainty as to the accuracy of 
the steam sample. 

The methods of measuring I.H.P. and B.H.P. are dealt with in 
Chapter II. In fixing the indicator, care should be taken that the 
connecting pipe between the engine and the indicator is as short and 
straight as possible, and is of adequate internal diameter. For this 
reason, when testing a double-acting engine, it is more satisfactory 
to have a separate indicator for each end of the cylinder. 

The type of brake used must be determined by circumstances, 
and the apparatus available. If the engine drives an electric 
generator, the power output can easily be determined from the 
electrical load, provided an efficiency curve for the generator is 
available. 

The condenser cooling water may be measured by any convenient 
means such as calibrated tanks, or V notch. If the circulating pump 
is of the centrifugal type, the use of a venturi meter is very 
convenient. 

A trial should last for several hours, the plant being run under 
test load for some time before the commencement of taking data, 
so that everything may settle down. Conditions should be main¬ 
tained as constant as possible during the test. Observations should 
bo taken frequently, say every ten minutes, and the readings of any 
one quantity should be averaged up for the period of the trial. 

It must be emphasized that when meters are used, it is essential 
that they should be calibrated if there is the slightest doubt of their 
accuracy. 

The method of setting out the heat accoimt is illustrated in the 
following example. 

Example 1. The following observations were made during a trial on a 
jacketed double-acting compound engine supplied with dry saturated steam. 
Cylinder dias. H.P. 9 in., L.P. 16 in., stroke 23 in., M.E.P. 35*1 and 19-9 lb. 
per sq. in. in H.P. and L.P. cylinders respectively. Speed 92*4 r.p.m. Brake 
torque 3,440 lb-ft. Steam pressures: admission and receiver 77-7 and 23-3 lb. 
per aq. in. by gauge, condenser vacuum 24 in. of mercury. Barometer, 30*3 in. 
Steam measured aa discharge from air pump 18*10 lb. per minute, from jackets 
1*89 lb. per minute, from receiver drain 1*07 lb. per minute. Cooling water 
360 lb. per minute rising 29° C. Temperature of condensate 63° C. 



634 


APPLIED THERMODYNAMICS 


Make out a heat balance sheet giving heat quantities per minute and 
calculate the thermal and relative efficiencies of the engine. 

(U.L., B.Sc. (Eng.), 1928.) 

H.P. area = 63*6 sq. in. L.P. area = 201 sq. in. 


I.H.P. = 


[(35-1 x 63-6) + (19-9 X 201)] X 23 X 2 X 92-4 


B.H.P. 


33,000 X 12 
3,440 X 2 x 22 X 92-4 


= 66-9 


= 60-5 


33,000 X 7 
I.H.P. - B.H.P. = 66-9 - 60*5 = 6-4 

Total heat in steam at 92-4 lb. per sq. in. abs. 

= 661 C.H.U. per lb. (Table 1). 

Sensible heat in steam at 92*4 lb. per sq. in. abs. 

= 162-4 C.H.U. per lb. 

Sensible heat at 38 lb. per sq. in. abs. 

= 129-3 C.H.U. per lb. 

Steam supplied = 18-10 + 1-89 + 1*07 = 21 06 lb. per minute 

Heat Balance 


Cross heat supplied = 21-06 X 661 

„ . . , , {ntIT) 60-5 X 83,000 

Heat equivalent of B.H.P. =-p—- 

Heat equivalent of I.H.P. - B.H.P. 

_ 6-4 x 33,000 
” 1,400 

Heat in jacket drainage — 1-89 x 162-4 
Heat in receiver drainage = 1-07 x 129-3 
Heat removed by cooling water = 360 X 29 
Heat in condensate = 18-1 X 53 
Heat unaccounted for 

If it is assumed that the drainage mixes with the condensate and 
can be used in the boiler again, then 

Net heat supplied 

= 13,920 - 959 - 307 - 138 = 12,516 C.H.U. per min. 

Hence brake thermal efficiency 
1,426 

12,516 ° 114 

Indicated thermal efficiency 
_ (1,426 + 151) 

“ 12,516 ~ 0 



C.H.U. 
per minute 
13,920 

Per Cent 

= 

1,426 

10-2 

=3 

151 

1-1 

sss 

307 

2-2 

— 

138 

1-0 

=T3 

10,440 

75-0 


959 

0-9 

= 

499 

3-6 
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Pressure in condenser 

= (30*3 - 24)0*49 = 3*1 lb. per sq. in. abs. 


From H -<f> chart 

Adiabatic heat drop from 92*4 lb. per sq. in. to 31 lb. per sq. in. 
= 661 - 534 = 127 C.H.U. per lb. 


Rankine efficiency = 
Hence Brake efficiency ratio = 
Indicated efficiency ratio = 


127 
661 - 
0114 
0 : 255 


0-255 




0*126 

0*255 



Heat Account for a Turbine. In order to draw up a heat account 
for a turbine the following data are required— 

(i) The amount of steam supplied. 

(ii) The pressure of the steam supply at the turbine stop valve. 

(iii) The quality of the steam supply. 

(iv) The brake horse-power of the turbine. 

(v) The power used in bearing friction and windage. 

(vi) The temperature and pressure of the steam at the turbine 
exhaust. 

(vii) The amount of condenser cooling water used. 

(viii) The initial and final temperatures of the cooling water. 

(ix) The temperature of the condensate extracted from the 
condenser. 

(x) The amount of steam used for driving any auxiliaries. 

The general methods already enumerated for steam engines also 
apply in the case of turbines, although, of course, the use of the 
indicator is not applicable. If the turbine is of the multi-stage 
impulse type, and is supplied with superheated steam, then readings 
of pressure and temperature at each stage may be taken, if thermo¬ 
meter pockets and points for the attachment of pressure gauges are 
available. As long as the steam remains superheated, the condition 
curve (see p. 497) may be plotted on the H-<f> chart from these 
readings. When the steam becomes wet, this can still be done if the 
dryness fraction at each stage pressure is known, but this is not such 
a simple matter, owing to the difficulty in obtaining an accurate 
sample of the steam. 

When testing a turbine fitted with a jet condenser, it would 
appear that the steam consumption could easily be determined by 
making separate determinations of the total condensate and of the 
cooling water supplied, and taking the difference as a measure of 
the steam consumption of the turbine. It must be remembered, 
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however, that the amount of cooling water is considerably greater 
than the amount of condensed steam, and hence a small percentage 
error in the measurement of the total condensate means a large 
percentage error in the figure so obtained for the amount of con¬ 
densed steam. In these cases a direct determination of the steam 
consumption may be made by means of a steam flow meter, their 



use being quite justifiable under the constant steam conditions 
possible with a turbine. 

The determination of the B.H.P. must be guided by circum¬ 
stances and the apparatus available. In the case of a marine turbine, 
the power output can be measured by means of a torsion dynamo¬ 
meter applied to the propeller shaft. 

The power absorbed by bearing friction, windage, etc., may be 
estimated by motoring the turbine when unloaded, and measuring 
the torque required by means of an electrical dynamometer. 

Acceptance Tests. It is usual when dealing with turbine plants 
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of any considerable size, for the makers to give a guarantee within 
certain limits for the steam consumption at various loads. This 
guarantee is based on specified steam conditions. When an accep¬ 
tance test is carried out, either on the maker’s test bed or after final 
erection, it may be impossible or inconvenient to reproduce these 
conditions. In these circumstances it is usual to employ correction 



100 120 140 ISO 180 200 220 240 260 260 300 
Initial Pressure , - Lb. per sq. in. abs 

Fiq. 199. Pressure Correction Factors 

factors for any variation in the steam supply pressure and temper¬ 
ature, and in the exhaust vacuum. The theoretical change in steam 
consumption due to a variation in any one of these quantities, the 
others being constant, can easily be calculated from the //-</> chart. 
It is found, however, that the actual change in consumption is some¬ 
what different from the theoretical values. Typical correction curves 
are given in Figs. 108, 199, and 200* where the theoretical and 
actual values are given.f 

* The figures are taken from Steam Turbine Operation t by Kearton (Pitman), 
f “Recent Developments in Steam Turbine Practice,” by K. Baumann, 
Proc.IJS.E., 1912 . 
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Example 2. The following particulars refer to a trial on a small two-stage 
impulse turbine supplied with superheated steam— 

Pressure and temperature of steam in the nozzle box, 1541b. per sq. in. 
and 210° C. respectively; pressure and temperature of the steam in the first 
expansion, 14*2 lb. por sq. in. and 108° C.; pressure in the condenser, 1-13 lb. 
per sq. in.; revolutions per minute, 2,900; brake torque, 252 lb-ft.; friction 



Ins. Hg. Absolute. 

JFio. 200. Vacuum Correction Factors 

torque, 17-5 lb-feet; steam per minute, 46*53 lb.; cooling water per minute, 
1,665 lb. raised 15*3° C.; temperature of hotwell, 32-5° C. 

Make a heat balance sheet for the turbine expressing the values in lb-cals. 
per minute; and find the thermal efficiency. 

What is the percentage of reheat in the first stage ? 

( U.L ., B.Sc. (Eng.), 1934.) 

Total heat at 154 lb. per sq. in., and 210° C. 

= 682 C.H.U. per lb. (Table D) 

Total heat at 14 2 lb. per sq. in. and 108° C. 

= 644 C.H.U. per lb. (estimated from H-<f> ohart). 
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Total heat after adiabatic expansion from 154 lb. per sq. in. and 
210 ° C. to 14*2 lb. per sq. in. 

= 584 C.H.U. per lb. (from H-<f> chart). 

Hence Adiabatic heat drop = 682 - 584 = 98 C.H.U. per lb. 
and Actual heat drop = 682 - 644 = 38 C.H.U. per lb. 
Amount of reheat = 98 - 38 = 60 C.H.U. per lb. 

which is —-* Q — — = 61*2 per cent of the adiabatic heat 

J8 drop 


Heat Balance 


Gross heat supplied = 46-53 X G82 
Heat equivalent of B.H.P. 

252 x 2 x 22 x 2,900 
7 X 1,400 

Heat equivalent of friction loss 
17-5 x 2 X 22 X 2,900 
7 X 1,400 

Heat removed by cooling water = 1,665 x 15-3 
Heat in condonsato = 46-53 X 32-5 
Heat unaccounted for 


C.H.U. 


per minute 

Per Cent 

31,733 


3,281 

10-3 


228 

0-7 

25,475 

80-3 

1,512 

4-8 

1,237 

3-9 


Thermal efficiency of whole plant 

3,281 0 . 108 

31,733-1,512 0108 

The sensible heat corresponding to the turbine exhaust pressure 
of 113 lb. per sq. in. 

= 40-4 C.H.U. per lb. (Table 1) 

Hence, Sensible heat corresponding to turbine exhaust pressure 
= 46-53 X 40-4 = 1,880 C.H.U. per minute 

Hence, Thermal efficiency of turbine only 
3.2S1 


31,733 -1,880 


= Oil 


Heat Account for a Boiler. In order to draw up a heat account 
for a boiler plant, the following measurements are required— 

(i) The amount of fuel burnt. 

(ii) The complete analysis and the calorific value of the fuel. 

(iii) The analysis of the flue gases at the exit from the boiler. 

(iv) The amount of steam produced. 

(v) The pressure of the steam at the boiler stop valve. 

(vi) The quality of the steam at the boiler stop valve. 
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(vii) The amount of ash left after combustion. 

(viii) The amount of combustible left in this ash. 

(ix) The humidity of the air supply. 

(x) The temperature of the boiler room (or air supply). 

(xi) The temperature of the feed water. 

(xii) The temperature of the flue gases at the boiler exit. 

(xiii) The amount of steam used for driving the feed pump, and 
any other auxiliaries. 

If the boiler is provided with an economizer, the following addi¬ 
tional data should be obtained— 

(xiv) The inlet and outlet water temperatures on tho economizer. 

(xv) The inlet and outlet flue temperatures on the economizer. 

The boiler should be run under load for some considerable time 
before the commencement of the trial, which should last for at least 
five hours, and steaming conditions should be kept as constant as 
possible during the trial. When the trial actually starts, the water 
level in the boiler gauge glasses and in any feed-water storage 
tanks, such as the hot well, should be noted and these levels should 
be the same at the end as at the commencement of the trial. 

The methods adopted for determining the various measurements 
must depend to a great extent on circumstances and the apparatus 
available, but the general methods given below should be followed 
as closely as possible. 

Amount of Fuel Burnt. If the boiler is hand-fired with coal, 
the fire should be cleaned about fifteen minutes before the commence¬ 
ment of the trial, when the thickness of the fuel bed should be noted. 
At the end of the trial the thickness and state of the fuel bed should 
be as near as possible the same as at the start. During tho time of 
the trial, all fuel should be taken from a weighed quantity. It is 
desirable that the weight of the fuel fired up to the end of say each 
half-hour be noted. If the load on the boiler is steady, this will 
serve as a check on the weighing. If the boiler is fitted with a 
mechanical stoker, then the hopper supplying tho stoker must be 
full at the commencement and at the end of tho trial, all coal fed 
to the hopper during this period being weighed. If the stoker is 
fitted with a coal meter, this should not be relied upon without 
calibration. With an oil-fired boiler, the level of tho oil in tho supply 
tank can be noted by means of a hook gauge, and this level should 
be restored at the end of the trial by the addition of a weighed 
quantity of oil. 

Analysis and Calorific Value of the Fuel. When weighing 
the coal, a handful should be taken haphazard before each weighing 
and put on one side. The total amount so collected at the end of the 
trial should be broken up, well mixed, and quartered several times, 
so that eventually a small representative sample is obtained. When 
sampling, care should be taken that extraneous dirt and moisture 
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is not added from the boiler house floor, and the sample should be 
kept in a closed container until required. The method for deter¬ 
mining the calorific value is described on page 220. For strict 
accuracy, the difference between the gross and net calorific value 
should be allowed for. The calorific value obtained from the bomb 
calorimeter is the gross value, including the latent heat and the 
sensible heat of the H 2 0 formed from the combustion of the hydrogen, 
and of any natural moisture left in the fuel even after drying, from 
100° C. down to the final temperature of the calorimeter. This 



H 2 0 when formed by combustion in the boiler, however, passes off 
as a gas. Although this correction may be considered rather a 
refinement, it can of course be allowed for. 

Analysis of the Flue Gases. In order to obtain an average 
sample of the flue gases, the sampling pipe should consist of a pipe 
blanked off on the inside end and provided with a number of holes 
along the length which is situated in the boiler flue across the path 
of the gases. In order to obtain a live sample of the gases, some 
device such as a small water-operated ejector should be used to 
produce a small continuous outward flow of the gases, the sample 
being taken from a point between the ejector and the boiler flue. 

Analysis of the gases may conveniently be made by means of the 
Orsat apparatus which is illustrated in Fig. 201. 
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A eudiometer B y graduated to 100 o.o. and surrounded by a water 
jacket to ensure uniform temperature is used to measure the gas. 
The pipettes P ly P 2 , and P 3 contain solutions for the absorption of 
C0 2 , 0 2 , and CO respectively. An aspirator A y containing water, is 
used to manipulate the gas. C is a three-way cock whereby the 
eudiometer B can be connected to the sampling pipe or to the 
atmosphere, the third position of the cock closing the end of the 
pipe T altogether. 

In order to draw in a sample, the cock C is turned to connect the 
eudiometer B to the atmosphere. The aspirator A is raised until 
the eudiometer is full of water. The cock C is now turned to connect 
the eudiometer with the flue gas and the aspirator is lowered to 
draw in the gas. The eudiometer is now connected to the atmo¬ 
sphere and the gas sample is expelled. This procedure is repeated 
a few times to ensure a fair sample of the gas. The aspirator is now 
lowered until the water levels in A and B are the same and the cock 
C is finally closed. The cock above the pipette P t is now opened 
and the gas is driven over into P x by raising the aspirator, the C0 2 
being now absorbed. The gas is passed backwards and forwards 
several times, the reagent in P x is drawn up to its original position 
and the cock above P x is then closed. The water levels in A and B 
are brought level and the contraction is read off on the eudiometer 
B. This procedure is repeated for 0 2 and then for CO. 

The absorbing solutions may be made as follows— 

A (absorbing C0 2 ). 1 part of caustic potash to 2 parts of water 
by weight. 

B (absorbing 0 2 ). 5 grammes of pyrogallic acid in 15 c.c. of water, 
mixed with 120 grammes of caustic potash in 80 c.c. of water. This 
solution must be made up just before use. 

C (absorbing CO). A solution of cuprous chloride in hydrochloric 
acid, made by dissolving copper oxide (CuO) in twenty times its 
weight of strong hydrochloric acid, and allowing to stand in a corked 
bottle in contact with copper wire until colourless. 

Another method for the determination of CO is to substitute for 
the absorption pipette P 3 a similar vessel provided with a platinum 
wire heating coil which can be heated from outside by means of an 
electric current. After absorption of the C0 2 and the 0 2 , some of the 
gas in the eudiometer is expelled leaving say 50 c.c. in the apparatus. 
50 c.c. of air is then drawn in and the mixture is driven over into 
the new pipette P 3 . The platinum coil is heated to bum the CO to 
C0 2 , the gas is then drawn back into the eudiometer, and the amount 
of CO can be determined from the consequent contraction. 

(C -f* 0 2 —► C0 2 ) 

Analyses should be taken as frequently as possible during the 
trial. 



a TEAM ENGINE AND BOILER TRIALS 


543 


Amount of Steam Produced. The weight of steam produced 
can best be determined by measuring the feed water. This can be 
done by passing the water alternately through two calibrated 
tanks, each tank capacity being about fifteen minutes’ supply. The 
water after measurement passes to a well from which the feed pump 
draws. Care must be taken that the level in the well is the same at 
the commencement and at the end of the trial, and that there is no 
loss of water between the point where the measurement is made 
and the boiler check valve. A V-notch if properly calibrated is also 
a very convenient piece of apparatus for this purpose. The use of 
mechanical meters is not desirable unless their accuracy is definitely 
ascertained. If such a meter is used it should be calibrated both 
before and after the trial. Automatic water machines if of a reliable 
make are also very convenient. 

Pressure and Quality of the Steam. In the absence of 
recorders, readings of pressure and temperature (if superheated) 
should be taken every ten minutes. If these values vary, they 
should be averaged for the period of the trial. 

If there is no superheater, the dryness fraction should be deter¬ 
mined on the engine side of the boiler stop valve by means of a 
throttling calorimeter, although as already mentioned there is some 
doubt as to the possibility of obtaining an accurate sample. 

Ash Left after Combustion. At the start of the trial the ash 
pit should be clean and at the end the pit should be cleared and the 
ashes weighed. With some forms of mechanical stoker, the ashes 
tend to accumulate at the back of the stoker. In such a case these 
should be removed and added to the quantity being weighed. A 
fair sample for analysis should be obtained by mixing and quartering 
as in the case of the coal. 

Humidity of the Am Supply. The amount of moisture carried 
in by the air supply may be determined by means of a wet and dry 
bulb thermometer. From these readings the dew point, that is the 
temperature at which the air would be saturated can be obtained. 

Temperatures. Temperatures should bo taken every ten min¬ 
utes, and averaged for the period of the trial. When taking flue 
gas temperatures, these may vary over the flue cross-section and 
this leads to some uncertainty as to the true value. 

Steam Used to Drive Feed Pump, etc. If possible the feed 
pump should be driven by steam from a boiler separate from that 
under test. Failing this, some means must be devised to ascertain 
the steam consumption of the pump. As the amount of steam so 
consumed is a small amount of the total steam produced a small 
error in the estimation will not have much effect on the heat 
balance. 

The Heat Balance. The method of drawing up the heat balance 
is illustrated in Example 3. The proportions of carbon left unburnt, 
burnt to C0 a and burnt to CO must first be determined. If the 
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proportions of C0 2 and CO by volume in the flue gases are known 
then if C0 2 = Percentage C0 2 in flue gas by volume 

CO = Percentage CO in flue gas by volume 
, C0 2 X 44 _ Weight of C0 2 

111011 CO X 28 “ Weight of CO 

Hence 


Weight of carbon burnt to C0 2 
Weight of carbon burnt to CO 


C° 2 X 44 X ^ 
CO X 28 x if 


CO, 

CO 


The amount of heat lost due to the presence of CO can now be 
determined from the difference of the calorific value of carbon when 
burnt to C0 2 and when burnt to CO. 

The weight of air actually used can be calculated from the 
-formula 1, p. 208. It is essential that the analysis of the flue gases 
should be made accurately as the large quantity is the nitrogen, 
and this being determined by difference, it contains all the errors 
made in the determination of the other quantities. 

The minimum weight of air required to produce the given com¬ 
bustion can be determined as shown in the table in Example 3. If 
the analysis of the fuel were given as per pound of fuel as fired, this 
should be corrected to per pound of dry fuel. 

The calculation of the products of combustion is also shown in the 
table. The specific heat of the products of combustion could be 
calculated by assigning to each constituent its specific heat in its 
correct proportion as shown in Example 3. 

In order to find the amount of moisture carried in by the air 
supply, the dew point is required (see p. 103). As an example let this 
be 10° C., and let the room temperature be 23° C. and flue temperature 
be 300° C. Then 

Vapour pressure at 10° C. 

= 0-178 lb. per sq. in. from steam table B. 


Hence partial air pressure 

= 14*7 - 0 178 = 14-522 lb. per sq. in. 


and Volume of 1 lb. air at 23° C. 

_RT _ 96(23 + 273) 
~~ P ~ 14-522 x 144 


13-8 cu. ft. 


Volume of 1 lb. water vapour at 10° C. 

= 1,704 cu. ft. from steam table B. 


Hence weight of moisture in 1 lb. air = 


138 « 
1,704 


0-008 lb. 
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and heat carried away by moisture being heated from 23° C. to 
300° C. = 0-008 x 0-5 x (300-23) = 1-108 C.H.U. per lb. of air. 
where 0-5 is taken as the specific heat of superheated water vapour. 

Example 3. The fuel used in a boiler trial gave the following percentage 
weight analysis, dry: C = 8484; H* = 5-22; 0 2 = 0-69; N 2 = 1-29; 

S = 1*39; Ash = 6*07, and, when fired, contained 3*43 per cent of moisture. 
Tho steam produced amounted to 10*4 lb. per lb. of dry fuel. The steam 
pressure and temperature were 235 lb. per sq. in. and 320° C.; the feed 
temperature was 86° C. 

The air for combustion entered at 28° C. The percentage volumetric 
analysis of the dry flue gases gave C0 2 = 14-65; CO = 0-27; 0 2 = 4-36; 
N 2 — 80-72; and the ash contained 6 per cent of combustibles (assumed 
carbon). Tho outlet gas temperature was 300° C. 

The calorific value of the dry fuel was 8,350 C.H.U. 

Draw up a complete heat balance, allowing 68 C.H.U. per lb. dry fuel for 
combustibles in ash and moisture in air. Take that 1 lb. C burning to C0 2 
liberates 8,080 C.H.U., and to CO, 2,420 C.H.U.; specific heat of dry products 
of combustion 0-265, and of excess air 0-24; 0 2 in air, 23 per cent by weight. 

( U.L ., B.Sc . (Eng.), 1932.) 

Weight of unbumt carbon. 

Let x = Weight of unburnt carbon per lb. of dry fuel left in ash. 

Then 0 0667 + x = 100 and X = °'°° 43 lb - 

Hence Weight of C burnt = 0-8484 - 0-0043 

= 0-8441 lb. per lb. of dry fuel 

Proportion of carbon burnt to C0 2 and CO. 

C burnt to C0 2 _ 14-65 
C burnt to CO 0-27 
1465 

Hence C burnt to C0 2 = X 0-8441 

14-92 

= 0-8288 lb. per lb. of dry fuel 

C burnt to CO = 1 0 < ; 2 J o X 0-8441 
14-92 

— 0-0153 lb. per lb. of dry fuel 

Heat loss due to presence of CO. 

For every pound of C burnt to CO instead of C0 2 

heat loss = 8,080 - 2,420 = 5,660 C.H.U. 

Moisture in fuel as fired. 

0-0343 lb. H 2 0 is associated with (1 - 0-0343) 

= 0-9657 lb. per lb. of dry fuel 

Hence 

Moisture in fuel = ^ = 0*0355 lb. per lb. of dry fuel 

0-9oo7 
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Total heat of this at atmospheric pressure and 300° C. 

= 735 C.H.U. per lb. 

Total heat of steam raised. 

Total heat at 235 lb. per sq. in., and 320° C. = 736 C.H.U. per lb. 
Weight of air used. 

80*72 

Weight of air used = 33(14 . 65 + 0 . 27) X 84-41 
= 13*84 lb. per lb. of dry fuel 


Oxygen Required, and Products of Combustion 


1 lb. Dry Fuel 
lb. 


0. Required 
lb. 


Products of Combustion (lb.) 


CO t and CO N t 


H.0 


SO. 


C unburnt 0 0043 
C to CO a 0-8288 

C to CO 0 0153 


S 

0, 

N, 

Ash 


00522 

00139 

00059 

0-0129 

00667 


0-8288 X ^ > 


0 0153 X ^ 

0 0522 X 8 
0-0139 X 1 > 


2-2101 

• 0 0204 

- 0-4176 
■ 0-0139 


2-6620 
less 0-0059 


2-6561 


0-828£ X ~ 
- 3-0389 
0 0153 X | 
«= 0-0357 


00129 
+ N a 
From air| 


0-0522 X 0 
- 0-4698 


0-0139 x 2 
« 0-0278 


1-0000 


Minimum weight of air required to produce given combustion. 

Oxygen required = 2*6561 lb. per lb. of dry fuel 

. . . , 2*6561 X 100 

Minimum air required == -—- 

At J 

= 11*5483 lb. per lb. of dry fuel 
Nitrogen in this air = 11*5483 - 2*6561 

= 8*8922 lb. per lb. of dry fuel 

Weight of excess air. 

Excess air = 13*84 - 11*55 = 2*29 lb. per lb. of dry fuel 
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Weight of dry products with minimum air. 

C0 2 = 3-0389 

CO = 00357 

N 2 from fuel — 0-0129 
N 2 from air = 8*8922 

Total 11-9797 lb. per lb. of dry fuel 

Weight of condensable products with minimum air. 

S0 2 = 0*0278 
H 2 0 = 0-4698 

Total 0-4976 lb. per lb. of dry fuel (Assume specific 

heat = 0-48) 

Check on total weight of products. 

C to C0 2 = 0-8288 
C to CO 0-0153 

H 2 0-0522 

S 0-0139 

0 2 00059 

N 2 0-0129 Dry products = 11-9797 

Air 11-5483 Wet products 0-4976 

Total 12-4773 Total 12-4773 


Heat Balance 


Heat supplied 

Heat used to form steam ~ 10-4(736 - 86) 
Heat carried away by dry products 
= 11-9797(300-28)0-265 
Heat carried away by condonsablo products 
= 0-4976(300 - 28)0-48 
Heat carried away by excess air 
= 2-29(300 - 28)0-24 
Heat lost due to presence of CO 
= 0-0153 X 5,660 

Heat lost due to unburnt carbon in ash 
= 0-0043 X 8,080 

Heat carried away by moisture in air 
= 68-35 

Heat used in evaporating and superheating 
moisture in fuel = 0-0355(735 - 28) 

Heat lost by radiation and unaccounted for 


C.H.U. 

per lb. of Per Cent 


_ 

dry fuel 
8,350 


= 

6,760 

81-00 

= 

863 

10-30 

= 

65 

0-78 

= 

149 

1-78 

= 

87 

1-04 


35 

0-42 

= 

33 

0-38 

= 

25 

0-30 

= 

333 

4-00 



CHAPTER XV 

REFRIGERATION 


Refrigeration is the process of taking heat from a body, or from 
the contents of a cold insulated chamber, and keeping that body 
at a low temperature by continuously extracting heat as fast as 
it leaks in from the surroundings. Mechanical refrigeration 
requires the expenditure of energy, commonly as work spent in 
driving the machine which acts like a heat pump, on a reversed 
heat engine cycle, and transfers the heat to a body at a higher 
temperature. 

The coefficient of performance of a refrigerating machine is 
measured by the ratio 

Heat extracted 
Work spent 

both quantities being reckoned in the same units of heat or work. 

It has been shown (p. 115) that the ideal heat engine works on 
a reversible cycle, and may take in heat Q 2 from a cold body at 
the low temperature T 2 (abs.), and reject heat Q x at the higher 
temperature T x (abs.). Let W be the thermal equivalent of the 
work required to drive this refrigerating machine. Since the 
machine works on a reversible cycle, by the conservation of energy, 

Qi = Q 2 + w, OT W = Qt- Q 2 


T. 


Also (see p. 122) 

Q2 _ Qi j Q2 

T 2 - Tx ana Q 1 -Q 2 T x -T 2 

Hence the coefficient of performance of this ideal reversible 
refrigerating machine is 


Q2 

W 


T 9 


= and 3=3 w x 


By this relation it is clear that, for a given quantity Q 2 of heat 
to be taken from a cold body, the expenditure of work, W , is 
proportional to the difference of temperature through which the 
heat is raised, or the machine works. In other words, the smaller 
the range of temperature the less work will be required to cool a 
body by extracting a given amount of heat; or, for a given amount 
of work W spent, the heat Q 2 extracted will be greater the smaller the 
range of temperature , T x - T v 

Consider a machine working on the ideal Carnot cycle reversed. 
Starting at the point D or d (Fig. 202), the cycle is in a 
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counter-clockwise direction abed. The engine takes in a quantity 
of heat Q 2) represented by the area damn , during isothermal expan¬ 
sion da, at the lower temperature T 2 ; that is, the gain of entropy 
from the cold body is Q 2 /T 2 = <f> % - <f> i, represented by the line da 
or nm. During adiabatic compression ab there is no transfer of 
heat, and the temperature of the working fluid is raised from 
T 2 to T t . Then, during isothermal compression be at the higher 
temperature T lf a larger quantity of heat, Q lf represented by the 
area benm , is rejected to the hot body, so that the entropy given 


to the warmer body is 


Qi 

Ti 


= (f> 2 - </>i, represented by the line be. 




Entropy . 


(«) (b) 

Fig. 202. Carnot Cycle Reversed 




During adiabatic expansion cd, the fluid does work and drops in 
temperature from T 1 to T 2 . 

The work required to drive this refrigerating machine is repre¬ 
sented by the area A BCD or abed , equivalent to Q x - Q 2 , which is 
converted into heat in the machine. 

In fact, the reversed perfect engine acts like a heat pump taking 
heat Q 2 from a cold body at T 2 , and delivering more heat Q x at 
a higher temperature T u whilst the entropy taken from the 

cold body is equal in amount to the entropy Qi]T x given to the 
warmer body. 

The coefficient of performance is 
Q 2 _ Area damn 
Qi - Q% Area benm - area damn 

or Qt _ _^ 2(^2 ~ 

W T i(<^ 2 - <f> y ) - T 2 (<f> 2 - <£0 T x -T 2 

No refrigerating machine, working between the same limits of 
temperature, can have a higher coefficient of performance than the 
reversible one. If a refrigerating machine B could be conceived to 
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have a greater coefficient of performance than the reversible machine 
A y then the ratio of Q^/W would be greater in B than in A. Let 
the reversible machine A t acting as a heat engine, be coupled to 
and drive the more than perfect refrigerating machine B thevt 
would extract more heat from the cold body than A gives it, while 
B driven by A would also reject more heat to the hot body than 
A takes from it. Thus heat would be continuously taken from the 
cold body to the hotter body by means of this self-acting machine, 
which would be contrary to the second law of thermodynamics ; 
or the axiom that it is impossible for a self-acting machine, unaided 
by any external agency, to convey heat from a cold body to one 
at a higher temperature. 

Hence all ideal reversible refrigerating machines, working between 
the same limits of temperature, have the same coefficient of 
performance. 

No refrigerating machine used in practice works on this reversed 
Carnot cycle. 

Highest Efficiency for Refrigeration. The ideal greatest ratio of 
heat Q 2 > extracted from a cold body at T 2j to the heat Q supplied 
at the high temperature T, for a given temperature T i of the 
condensing water to which the heat is rejected, is obtained by the 
combination of a perfect reversible heat engine driving a perfect 
reversible heat pump. 

The perfect heat engine takes in heat Q at T, and rojects heat 
at T ly the temperature of the condenser, hence W = ~,(T - T x ). 

The perfect heat pump extracts heat Q 2 from the cold body at 
the low temperature T 2 , also delivers heat at T v and, since it is 
Qo 

reversible, W= - ^ 2 )* where W is the heat equivalent of the 

2 

work given by the heat engine, and also that used in driving the 
heat pump. 


Henc •|(I'-J' l ) = |(T 1 -P 1 ) 


from which 


Q 2 = T 2 (T - T x ) 
Q T(T X - T t ) 


No other combination could extract more heat than Q 2 at the 
temperature T 2 , by means of the same amount of high-temperature 
heat Q. If any other machine could extract more heat than Q %t 
by the expenditure of the same amount of heat Q at the high tem¬ 
perature, then with the above combination working reversed, and 
the other refrigerating machine working direct, the result would be 
a transfer of heat from the cold body at T t to a body at a higher 
temperature T t without the expenditure of energy, by a self-acting 
agency, which is impossible by the second law of thermodynamics. 
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Cold Air Machine. Joule’s air engine reversed was developed as 
a refrigerating machine by Bell, Coleman, and Lightfoot, and was 
one of the earliest used for mechanical refrigeration on board ship 
and cold storage. 

The diagram of the essential parts of the plant, Fig. 203, and the 
ideal indicator diagram, Fig. 204, may serve to explain the action 
of this air machine.* Air from the cold chamber R at 18° F. or 
32° F. is compressed in a cylinder A, with water-jacket, to about 
65 lb. per sq. in. (abs.), and 270° F. or 290° F. The air is passed 
at this constant pressure through tubes in a cooler C, and heat is 
extracted by circulating wator. This cold air at high pressure is 
further cooled by expansion in cylinder B , and delivered at about 



Cooler C Volume. 


Fio. 203. Cold Air Machine Fia. 204. Cycle of 

(Diagram of Essential Parts) Cold Air Machine 

- 80° F. and initial pressure to the cold chamber. During expansion 
the air does work which helps to drive the machine. 

The ideal cycle is that of Joule’s air engine reversed (p. 134), as in 
Fig. 204. In the compression cylinder, A , Fig. 203, during the suction 
stroke /c, air, from the cold chamber R , is drawn into the cylinder 
A y and compressed adiabatically cb. When the valve F opens, the 
pump delivers the air into the cooler (7, completing its stroke from 
6 to e, and the temperature falls, whilst the air gives up heat at 
constant pressure to the circulating water. Then an equal quantity 
of air, from (7, is taken into the expansion cylinder B at temperature 
T a and expands adiabatically, doing work on the piston shown by 
area under ea and aH7 During the return stroke d/, in B } the chilled 
air is discharged into the cold chamber at the initial pressure. 

During tho cycle, the work done on tho air in the compressor 
cylinder A is represented by the area fcbe } and the work done by 
the air in the expansion cylinder B is given by the area ead/, hence 
the net work in driving the machine is given by the area abed. 

* For tho construction and performance of these machines, see Lightfoot, 
Proc . Inst. Mech. Eng. (1881), p. 105, and 1886, p. 201 ; also Coleman, Min. 
Proc. Inst. C.E.y Vol. LXVIII (1882), p. 146. 
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The net amount of heat extracted from the cold chamber per 
pound of air is 

Q 2 = C P (T e -T d ) 

and the heat rejected to the cooling water per pound of air is 

Qi — C P (T b -T a ) 

where T a> T bt T et and T d denote the absolute temperature of the 
working air at the points a, 6, c, d of the diagram, Fig. 204. 

The net amount of work spent in driving the machine is Qi - Q 2 ; 

and the coefficient of performance is n 

Qi ~ V2 

Also, since the ratio of expansion in B is the same as the ratio of 
compression in A, and both are adiabatic, 

T_ a = = T b -T a 

T d T c y T 0 -T d 

/. coefficient of performance = r 

Qi — Qi 

C 9 (T e -T d ) _ T c -T d 

C v (T b - T a ) - C v (T e - T d ) T b - T a - (T 0 - T d ) 

= _L_ = T e 

T c 

This coefficient of performance is less than that of a reversed 

T 

Carnot cycle between the limits T a and T ci namely, ^since 

a *" ■* c 

T b is greater than T a . All the heat is not taken in at T e and 
rejected at T a \ besides, the transfer of heat from the compressed 
air at T b to the circulating water at T a is not reversible. 

In practice, the compression of the air in A is not adiabatic, 
because the water-jacket on the cylinder reduces the temperature, 
so that the slope of the compression curve is not so steep as the 
adiabatic, and the work spent in compression is reduced. 

The actual coefficient of performance obtained with this machine 
varies from 0*5 to 0*7, and is very much lower than that of a vapour 
compression machine owing to (1) the necessity of working with a 
wide range of temperature, since air is a poor conductor and absorber 
of heat; (2) air has a small capacity for heat and all machines using 
air as the working substance must be bulky, and consequently the 
loss of heat by friction is large. Not only is power lost in friction, 
but the working air takes up most of the heat so generated, and 
has less capacity left for taking up heat in useful refrigeration. 

Example 1. In a Bell-Coleman refrigerating plant air is drawn into the 
cylinder of the compressor at atmospheric pressure of 15 lb. per sq. in. and 
temperature - 5° C., and it is compressed adiabatically to 751b. per sq. in., 
at which pressure it is cooled to 16° C. It is then expanded in an expansion 
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cylinder to atmospheric pressure and discharged into the refrigerating chamber. 
If the law for expansion is pv 11 — a constant, find the work done on the 
air per pound, and the coefficient of performance of the refrigerating plant. 
Specific heat of air at constant pressure is 0-238. ( U.L ., B.Sc. ( Eng.) t 1924.) 


and 

Also 


On the indicator diagram, Fig. 204 (p. 551), we have 
T c = - 5° + 273° = 268° C. (abs.) 

T /75\ i-4-1 ’ ’ 

T~ = 1 15 ) 14 = 6 T b = 268 x 5 = 424-45°C. (abs.) 

T a = 15° + 273° = 288° C. (abs.) 

T a /75\l Izl 4 

T d = (lb) 12 “ 6 = 13077 

288 


T 

T = - - 

d 1-3077 


1-3077 


220-24° C. (abs.) 



Fio. 205. T-<f> Chart for Am 


Now the heat rejected per pound of air at the higher pressure 

Q l = C v (T b - T a ) = 0-238(424-45 - 288) = 32-475 C.H.U. 
and the heat extracted per pound of air from the cold chamber 

Q 2 = 0-238 (T e -T d ) = 0-238(268-220-24) = 11-367 C.H.U. 


Heat taken in during expansion ad 


q 3 = 


1-4-1-2 w 0-068 


X 


Nf X (288 - 220) = 11-52 C.H.U. 


{3 1-4-1 0-2 

/. Work done = 32-47 - (11-37 + 11-52) = 9-58 C.H.U. 

11-37 

Coefficient of performance = ■ ■ = 1-18 

y*58 


Temperature-Entropy Chart for the Joule Cycle. It is instructive 
to follow the reversed Joule Cycle on the T-cf> chart for air. This 
chart in broad outline is shown in Fig. 205*. Comparing this with 

* A complete chart is given in Refrigeration Theory and Applications by 
H. G. Venemann (Nickerson and Collins, Chicago). 
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the corresponding chart for steam (Fig. 254), three main differences 
will be noted—(a) Owing to the low critical temperature for air 
(— 221° F. at 40 atmospheres), when working under normal con¬ 
ditions, we should be using the right-hand top comer of the chart. 
(6) The evaporation line AB in the wet region is not horizontal, and 
coinciding with the constant temperature line. This is due to the 
fact that during evaporation of liquid air, nitrogen boils at a higher 
temperature than oxygen, (c) The chart for air includes total heat 
lines, which are not generally shown on that for steam. 

Example 2. Ton pounds of air at 80° F. and 5 atmospheres pressure are 
expanded per minute in an expansion cylinder to 1 atmosphere. At this 



Fio. 206. Joule Cycle Fio. 207. Joule Cycle 

p-v Diagram T-<£ Diagram 

pressure it passes into a refrigerator where it absorbs heat and rises in tem¬ 
perature to — 20° F. at constant pressure. It then passes to a compressor, 
where the pressure is raised to 5 atmospheres, and hence to a cooler where the 
temperature is lowered to 80° F. at constant pressure. 

Find (a) the horse-power required, (b) the refrigerating effect, (c) the heat 
rejected to the cooler and (d) the coefficient of performance. 

This problem can be solved in terms of total heat. Referring tc 
p. 54 it was shown that the transfer of heat at constant pressure is 
measured by the change in total heat. Hence referring to Fig. 206 

Heat rejected from D to A = H D — H A per lb. 

Heat taken in from B to C = II c — H B per lb. 

On p. 55 it was seen that the work done in a frictionless adiabatic 
expansion or compression is measured by the adiabatic heat drop. 
Hence if the expansion and compression in this problem are assumed 
to be isentropic, then referring to Fig. 206 

Work done on air by compressor = II D — II c B.Th.U. per lb. 
Work done by air in expansion cylinder 

- II A - II B B.Th.U. per lb. 

Net work done on air = (H D — H c ) — (II A — II B ) 

B.Th.U. per lb. 

and refrigerating effect = (II c — II B ) B.Th.U. per lb. 
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Hence coefficient of performance = 


_ H 0 -H b 
(H d -H c )-(H a -H b ) 


Fig. 207 gives the appropriate part of the T-<f> chart for air with 
figures extracted from the chart mentioned in the footnote on p. 553. 
Starting at point A , particulars of which are given in the question, 
a constant entropy fine AB is drawn to cut the constant pressure 
line for one atmosphere at B. This gives H n as 134 B.Th.U. per lb. 
The taking in of heat along BC in Fig. 206 is shown in Fig. 207 by 
passing up the constant pressure line for one atmosphere until the 
horizontal temperature line for — 20° F. is reached. This gives 
H c — 155 B.Th.U. per lb. Similarly the isentropic compression 
line CD is drawn upwards from C to cut the constant pressure line 
for five atmospheres at Z>, giving H D = 212 B.Th.U. per lb. 


Hence 

(i) Work in expansion 
Work in compression 
Net work 


= M(II a - II B ) = 10(180 - 134) 

— 460 B.Th.U. per minute 

- M{II d -II c ) = 10(212- 155) 

— 570 B.Th.U. per minute 

- 570 - 460 

-- 110 B.Th.U. per min. 


110 x 778 
33,000 


2-59 H.P. 


(ii) Refrigerating effect 

(iii) Heat rejected to cooler 


(iv) Coefficient of performance = 


M(H C -H B ) = 10(155 — 
210 B.Th.U. per minute 
M(H d -H a ) = 10(212- 
320 B.Th.U. per minute 
Ref. effect _ 210 _ 

Net work “ lTd = 1>J1 


134) 

180) 


As a check we can calculate the coefficient of performance in terms 
of temperatures as shown on p. 552. Thus reading off the tempera¬ 
tures from Fig. 207. 

Coefficient of performance — - r t!r == * ^ 

J D ' c "10 + -U 

The Vapour Compression Cycle. In Fig. 145 p. 411, A BCE 

in a clockwise direction represents the Rankine cycle as applied to a 
heat engine. If we proceed round the cycle in an anti-clockwise 
direction we have a refrigerating cycle as follows— 

CjB, adiabatic compression of slightly wet vapour to a higher 
pressure thus drying it. 
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BA, condensation of dry vapour to liquid at constant pressure and 
temperature. 

AE, expansion of liquid from high pressure and temperature to 
low pressure and temperature. 

EC, evaporation of liquid at constant pressure and temperature 
by absorption of heat from some external medium. 

1200 tbs - 



Fia. 208. Carbonic Acid Refrigerating Machine ( Haslam ) 

By using a suitable working substance (termed refrigerant) the 
temperature at the lower pressure can be a refrigerating temperature 
for the external medium from which heat is extracted. 

The refrigerating effect = heat extracted between E and C 

= H c -H b 

The work done = Area A BCE — H n — II c 

The coefficient of performance = - r - -— 

This cycle is not used practically owing to the complication 
introduced by the necessity of expanding the liquid along the line 

ae 

In the practical vapour compression cycle, instead of using an 
expansion cylinder to lower the pressure from A to E (Fig. 146) this 
pressure drop is effected by passing the refrigerant through a throttle 
valve. It should be noted that this throttling is a non-reversible 
process. 

The machine thus consists of four essential parts, shown in the 
diagram (Fig. 208). 
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1. A compressor y into which vapour is drawn through the suction 
valve A , from the evaporator at a low temperature T 2 > compressed 
to the higher pressure and temperature T„ and discharged through 
the delivery valve B , as shown by the indicator diagram, Fig. 209. 

A separator collects oil, etc., in the vapour from the compressor. 

2. A condenser , or cooler, consisting of coils of pipe in which the 


rrx 

\7200lbs. 

\ i ''' - - . 

__ £_ 

IwD'Cato* Diagram 


247ibs. 



Fig. 209 


compressed vapour is cooled and condensed at T u and gives up its 
heat to circulating water. 

3. An adjustable throttle valve C, called a regulator or expansion 
valve , through which the liquid expands from T 1 to T 2 at the lower 
pressure. 

4. An evaporator , or refrigerator , consisting of pipes in which the 
liquid evaporates at the lower temperature and takes up heat from 
cold brine, which is circulated round the pipes and conveys heat 



Cycle Compression Cycle 


to the working fluid from a cold chamber or from water to be 
frozen. 

The cycle is shown on a T-</> diagram in Figs. 210 and 211. In 
Fig. 210 P is the critical point of carbon dioxide, and Pch the dry 
saturation line. Suppose adiabatic compression ab begins at a, where 
the dryness fraction is ga/gh. If the compression is completed at 
b the vapour is now superheated, the compression first drying and 
then superheating the vapour, to a temperature somewhat higher 
than the saturation temperature corresponding to the pressure. 

It will be seen that the starting point a of the compression 
determines the final state of vapour at the end of compression 
given by the point 6. Thus referring to Fig. 212, if the start were at 
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o' the refrigerant would be finally in the state of dry saturated 
vapour given by the point c. This is termed “wet compression.” 
If the start is at a” it is called “dry compression,” the normal start 
of compression being between these two states. 

After compression follows cooling at the constant high pressure. 

# This takes place in three stages as shown in Figs. 210 and 211 
namely— 

be, the superheated vapour at b is cooled to the temperature of dry 
saturated vapour at c, when condensation begins. 

ed, the vapour is completely condensed at constant temperature 
de , imdercooiing takes place, the liquid being cooled below the 



saturation temperature as far as possible, depending on the 
temperature of the cooling water. 

It will be noticed in Fig. 211 that de the undercooling of the 
ammonia liquid is practically along the liquid boundary line, whereas 
with C0 2 , the constant pressure cooling curve is quite distinct from 
the liquid line dg , due to the greater compressibility of C0 2 . 

The line ef shows unresisted expansion through the throttle valve, 
that is throttling at constant total heat (p. 53) to the lower con¬ 
stant pressure and temperature of the evaporator. The fraction 
converted into vapour by passing through the expansion valve is 
gflgh. 

During the phase fa we have evaporation of the liquid in the 
refrigerator coils, when heat is extracted from the brine or other 
substance to be cooled, this taking place at constant pressure and 
temperature. This heat which is absorbed by the refrigerant is 
called the refrigerating effect. 

Heat Areas on the T-^ Chart. It is instructive to consider the 
various heat quantities involved in terms of areas on the T-<f> 
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diagram. This is illustrated in Fig. 212 where the cycle abcdefa will 
be considered. 

In this cycle it will be assumed that the refrigerant is sufficiently 
incompressible, to allow the constant pressure under cooling curve 
de to be taken as coincident with the liquid line dg. As an area under 
a T-<f> curve represents heat, and remembering that heat transferred 
at constant pressure is measured by the change in total heat, we see 
that the area under a constant pressure T-(f> curve between two 
points is a measure of the change in total heat between those two 
points. Thus in Fig. 212 as the total heat before and after throttling 
is the same then II e — II f and therefore 

Area geou — Area gfinu 
i.e. Area gek ----- Area kfmo 

The refrigerating effect — Area fanm 
The heat rejected to cooling water 

= Areas 

cbnr + + edso 


/From superheated \ 

[ From condensation ^ 

/ From undercooling \ 

\ vapour / 

\ of vapour / 

\ of liquid / 


— Area bnoedeb 


The work done 

= Heat rejected to cooling water — Refrigerating effect 

— Area bnoedeb — Area fanm 

- bnoedeb — kano -f- kfmo 

----- bnoedeb — kano + gek 

— Area abedga 

Thus the work done in the compression is represented by the area 
of the true Rankine cycle, and not the area of the cycle modified by 
the use of a throttle valve. 

The loss of refrigerating effect due to the substitution of the 
throttle valve, for an expansion cylinder is represented by the area 
gfmu — area geou. 

The Vapour Compression Cycle in terms of Latent and Specific 
Heats and Temperatures. Assume constant specific heats of liquid 
and vapour and consider the performance of the vapour compression 
refrigerating machine with expansion valve, in the three cases in 
practice represented by the temperature-entropy diagram, Fig. 213, 
when the vapour, at the end of adiabatic compression is (1) just dry 
and saturated at the state point b ; (2) at h the vapour is still wet; 
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and (3) the dry saturated vapour after complete evaporation at g is 
superheated by compression gv to the temperature T t . 

1. Assume neither gain nor loss of heat in passing through the 
expansion valve. The heat in 1 lb. of the working fluid will be the 
1 r-, same before and after throttling. 



Fig. 213. Vapour Compression 
Cycle 


fa = ea - ef = s . log £ 


The heat before expansion is 
represented by the area cepn , 
and that after expansion by the 
area efrp. Hence these areas are 
assumed to be equal, and the 
effective refrigeration per pound 
during evaporation fa is the heat 
extracted, as represented by the 
area famr. Take 8 the specific 
heat of the liquid. 

Now the area cepn = area efrp 
— s(T x - T 2 ), and 



and heat extracted 

= T 2 xfa = s.T 2 . loftjj + T 2 x (1) 

Work done = area abcea = area pecbm - area eamp 

= area pecn + area cbmn - area ednp - area damn 

— S {T 4" ^ i x ~ P't • 5 • logs jf — T 2 x 

= (7’ 1 -T,)^ + ^-r,. S .log e ^ . . (2) 

~ ~ . , Heat extracted 

Coefficient of performance = —^—:—-- 

1 Wnrlr Hnnn 


T t \ 

( T 

8 • 7jT + 

l 1 2 

t] 


Wi- 

-T t ) | 

r. .iii 
l +T >> 

1- 

. 8 . log* 
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2. When the vapour is wet at the end of compression. Let the 
compression begin at the state point k when the dryness fraction 
is ek/eg ; and end at h with dryness ch/cb = x v and the latent 
heat = x x L x per lb. of stuff. 

We have, heat extracted 

= area fklr 

= *.7Vlog,^ + 7V ^-s(T t -T,) . . (4) 

Also, work done 

= echke = (T l — T 2 ) ^ + ~~T\ | ~~T t . s. log* jr • (5) 

/. coefficient of performance = ^ x P re8S | Qn . W 

Expression (5) 

3. When the compressor draws in dry saturated vapour from the 
refrigerator. The “ dry ” compression begins at the state point g 
on the saturation line, Fig. 213, and ends at v , temperature T v on 
the superheat curve of constant pressure drawn from b at saturation 
temperature T v 

L (T — T ) 

Heat extracted = area fgsr ; here eg — -~ y and ef = s ——- . 

2 2 

XT i* 1* La {T l — T») 

Now fg= eg - e/ = 
and heat extracted 


= fg X T t — L t - s(T t - T t ) . . . . (6) 

Work done = area ecbvge = area ted + area dcbvg 

= 8(T 1 -T t )-T t .s. log* ^ ^ (T, - T t ) 

+ C,(T,-T 1 )-T i .C p . log* ^ 

~ • logger *f* • log# • (7) 

^ ^ „ # Expression (6) 

Coefficient of performance = E X p res8 ^ on (7) 

To calculate jP 3 , in superheating from b to v, at constant pressure, 
the gain of entropy, 

ag = C v . log e ^| 
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T> 4 . -^2 1 -^1 

But ag = eg-ea = y^ - * • log* y* - 
Equate these values of ag t we have 

(/p ♦ 10 g £ y 5 . logfi y- yP 

from which T s may bo calculated. 


( 8 ) 


Example 3. In an ammonia refrigerating machine tho temperature in the 
refrigerator is 15° F., and after compression. 90° F. In the cooler the vapour 
is condensed at 90° F., and then passes through an expansion valve. Calculate 
the coefficient of performance when tho vapour at the end of adiabatic com¬ 
pression is (a) just dry and saturated ; (b) 85 per cent dry ; (c) just dry and 
saturated when compression begins. Take the specific heat of liquid ammonia 
as 1*1, and of the vapour C 9 = 0*508, and the latent heat of evaporation as 
566 - 0-8*° F. 


Given L = 566 -0-8 x 00 = 494 B.Th.U. per lb. 

T x = 90° + 460° = 550° F. (abs.), and T 2 = 475° F. (abs.) 
(a) By equation (1) (p. 560), heat extracted 

= 8 ,T 2 . loge ~ + T 2 X ^- fi (r x -T 2 ) 

= 1-1 X 475 X 2-303 log 10 J^ + - 1-1(90 -15) 

= 76-65 + 426-6-82-5 = 420-75 B.Th.U. per lb. 

( L \ T 

8 + yT J -T 2 . 8 loge 


= 75(1*1 + 0*898) - 1*1 X 475 x 2*303 log J0 ^5 
= 75 X 1*998 - 76*65 = 73*2 B.Th.U. per lb. 


coefficient of performance = 


420*75 

73*2 


= 5*74 


Answer. 


( 6 ) By equation (4), heat extracted 

= 8 .T t • log* ^ + T, . -8(T 1 -T 2 ) 


= 76-65 + 0-85 X 426-6 - 82-5 = 356-76 B.Th.U. per lb. 
And by equation (5), 

Work done = (T l - T 2 ) ~T t .s. log* ^ 

= 75(1-1 + 0-85 X 0-89818)-76-65 = 63-1 B.Th.U. 
per lb. 
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coefficient of performance = 


356-76 
63-1 


= 5-65 


Answer. 


(c) Again, when the dry saturated vapour at g is compressed 
adiabatically to the state point v t and superheated to T 8 , to find this 
temperature, we have L lb * = 566 - 0-8 x 15 = 554 B.Th.U per lb. 

and, by equation ( 8 ), C v . Iog £ ^ = Y , l ~ S ' log * “ Y x 

that is, 0-508 x 2-303 log 10 |^= ™-M X 2-303 log 10 g£ - ™ 


l-171og 10 |^ = 1-1663-0-1613-0-8982 = 0-1069 

and log 10 T 3 - log 10 550 = ~~~ = 0-09137 

from which T 3 = 678-8° F (abs.) 

Then, by equation ( 6 ), heat extracted 

= L 2 - S (I\ -T 2 ) 

= 554 - 1 1(90 - 15) = 471-5 B.Th.U. per lb 
and, by equation (7), work done 

= (Ti - T 2 ) ^5 + j + C v (T 2 - Tj) - . loggj^ + Cp • loge 

( 494\ 

1-1+^ I + 0-508 X 128-5-475 ( . . . ) 

/ 550 678-8\ 

( M X 2-303 l°g 10 475 + 0 508 x 2-303 lo gl0 -^-I 


= 75 x 1-99812 + 0-508 X 128-5-475(0-1613 + 0-1069) 


= 149-859 + 65-278- 127-39 = 87-74 B.Th.U. per lb. 


coefficient of performance = 


471-5 

87-74 


= 5-37 


Answer. 


Example 4. The following are approximate expressions for the entropy 
of ammonia liquid and dry saturated vapour: liquid, 0-00184 (J - 32); 
vapour, T158 - 0-00192 (f - 32), t being the temperature on the Fahrenheit 
scale. Obtain corresponding expressions of the form o -f bt e , l c being the 
temperature on the Centigrade scale. Draw the 0 <f> chart between tem¬ 
peratures 14° F. and 77° F. (- 10° C. and 25° C.). Find the coefficient of 
performance of a refrigerator working on a reversed Rankine cycle between 
these limits, the vapour being 5 per cent wet at the end of compression. 
If the actual performance is 0-6 of the amount in the above ideal case, calculate 
the pounds of ice produced per horse-power from water at the freezing point. 
Latent heat of ice, 144 B.Th.U. (80 C.H.U.). 

(U.L., B.Sc . {Eng.).) 


*9—(T*5434) 
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At 77° F. j liquid <f> = 0 00184(77 - 32) = 0-0828 
or 25° C. \ vapour <f> = 1-158 - 0-00192 X 45 = 1-0716 

At 14° F. ( liquid <f> = 0-00184(14 - 32) = - 0-03312 
or - 10°C. vapour <f> = 1-158-0-00192 X (- 18) 

{ = 1-158 + 0-03456 = 1-19256 



Fio. 214. Ammonia Compression Cycle 


On C. scale, liquid - 0-03312 = - 106 'l 
+ 0-08280 = 256 l 

0 04968 = 156 j 

vapour 1-07160 = a + 256 
1-19256 = o-106 


/. 6 = 0-003312 
and <f> — 0-00331 2t a 
Answer. 


6 = - 0-003456 


- 0-12096 = 356 ) 

a = 1-19256 - 0-03456 = 1-158 
<f> — 1-158-0-003456/,, Answer. 

Plotting the above values on 0-<f> chart, as shown in Fig. 214, 
Dryness fraction be /eh = 95 per cent 
be = 0-95(1-0716 - 0-0828) = 0-95 X 0-9888 = 0-93936 
ed = 0-0828 + 0-03312 = 0-11592 
As Temperature range = 35° C, and area ecd = dfm. 


17-5 x 0-11592 

df= -263- = 0-00771 

fa = 0-93936 - 0-00771 = 0-93165 
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Refrigeration per pound = 0-93165 x 263 = 245-024 C.H.U. 
Work dono = 17-5 x 0-11592 + 0-93936 x 35 


= 2-0286 + 32-8776 = 34-906 C.H.U. per pound 


coefficient of performance = 


245-024 

34-906 


= 7-02 



Fig. 215. Ammonia Compression Cycle 


Actual coefficient = 7*02 x 0-6 = 4-212 


Hence, ice produced per horse-power hour 


33,000 X 60 
1,400 


4-212 

x __ = 74 . 4 61b. 


Answer. 


Example 5. In an ammonia refrigerating machine, the temperature of 
evaporation of the liquid is 15° F. The vapour is compressed and eventually 
delivered to the cooler at a temperature of 95° F., the dryness at the end of 
compression being 0-95. In the cooler the vapour is condensed at 95° F., 
and thon coolod to 70° F. ; after which the liquid is passed through a throttling 
valve into tho evaporating coils. Calculate for this machine the ratio of the 
heat abstracted to tho work done if the specific heat of the liquid is 1-1, and 
the latent heat of tho vapour is given by 566 - 0-8f, where t is the temperaturo 
of the vapour in degrees Fahrenheit. ‘ (U.L., B.Sc. (Eng.).) 


At 95° F., L = 566 - 0-8 X 95 = 566 - 76 = 490 B.Th.U. 

Fig. 215 shows tho cycle, abedfa , on the temperature entropy 
diagram or chart. 

490 be 

be = 0-95 X = 0-84, since the dryness fraction is — — 0*95. 
555 J eh 


Tho total heat is constant during throttling, from d to /. 

. areapedn = area pe/r = ef x 475 = 1-1 (70-15) = 60-5 B.Th.U. 


ef = 


60-5 

475 


01274 
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Also 


el = 1-1 X 2-303 X log 10 


555 

475 


= 0-1712 


/. fa = ea-ef = be + el- ef = 0*84 + 0 1712-0-1274 = 0-8838 

Heat extracted per pound of NH 3 , represented by the area 
famr , down to absolute zero 

= 0-884 x 475 = 419-8 B.Th.U. per lb. 

Work done, represented by the area abode = area cel + area abcl 
= (1-1 X 80 - 0-1712 x 475) + 0-84(95 - 15) 


= 88 - 81-32 + 67-2 = 73-88 B.Th.U. per lb. 


coefficient of performance = 


Heat abstracted 


Work done 
= 5-68 


419-8 

73-88 

Answer. 


Refrigerating Effect and Work Done in Terms of Total Heat. 

During a reversible operation at constant pressure, like evaporation 
or condensation, the heat taken in or given out by a fluid is the 
change of its total heat (see p. 54). In the evaporating coils, the 
amount of heat taken in from the cold body by 1 lb. of refrigerant is 
H a - H f (Fig. 210); also the heat rejected to the condenser and cooler 
is H b - H 0 . During throttling in passing the expansion valve, the 
total heat is unchanged, and H f = H e . Therefore the heat rejected 
is H b - H f . The work done in driving the compressor, represented 
by the area of the p-v indicator diagram (Fig. 21, p. 55) or its 

thermal equivalent, A j b v . dp = H b - H a . Hence the quantities 
of heat dealt with during the whole refrigerating cycle are 
Work expended = Heat rejected - Heat taken up 
H b -H a = (H b -H f )-(II a -H f ) 

H — H 

The coefficient of performance = —lT 

a b - U a 


Example 6 Solve Example 4 by calculation of Total Heats. 


298 

ed = 0-11592 = 8 log^ where 8 = specific heat of liquid. 


Hence a = 


011592 


= 0-93 


2-3 X 0 0542 
Take total heat at e = H, as zero. 

Then total heat at c = H e — s(T e - T,) = 0-93(298 - 263) 
= 32-55 C.H.U. per lb. 



REFRIGERATION 


567 


Let x = Dryness fraction 
L = Latent heat 
Then for point b 

cb = 0-95(1-0716 - 0-0828) = 
and x b L b = 280 C.H.U. per lb. 

Hence total heat at b 

= H b = H c + x b L b = 32-55 + 280 

= 312-55 C.H.U. per lb. 

Also for point a 

ea = = 0-9888 X 0-95 - 0-11592 

and x a L a — 277-54 C.H.U. per lb. 

Hence total heat at a = 7/ a = 277-54 C.H.U. per lb. 

Then refrigerating effect 

= Il a - H f = H a -H c =: 277-54 - 32-55 
= 245 C.H.U. per lb. 

Work done = H b -H a = 312-55 - 277-54 = 35 C.H.U. per lb. 

245 

and Coefficient of performance = -^r— = 7 


Standardization. The coefficient of Performance as given in the 
last paragraph was chosen as the performance of the standard 
refrigerating machine working on the ideal cycle by a Refrigeration 
Research Committee under the chairmanship of Sir Alfred Ewing.* 
A sub-committee appointed to report on the accuracy of the charts 
issued by the former committee issued a report in 1940 f which 
contains a considerable amount of more up-to-date information. 
The general recommendations of the former committee may be 
summarized as follows— 

The standard unit of refrigeration proposed for rating refrigerating 
machines is 1 Calorie per second , the Calorie being the amount of 
heat required to change the temperature of 1 kilogramme of water 

by 1°C.; 1 Calorie is 2-2046 x or 3-9683 B.Th.U.; and 1 Calorie 

per second is equivalent to 3-9683 X 60 X 60 X 24, or about 
342,860 B.Th.U. per day of 24 hours. 

The refrigeration may be stated for particular temperature con¬ 
ditions, or for standard conditions defined as follows : the tem¬ 
perature limits to be steady ; the temperature of the cooling water 

* Proc. Inal. Mech. Eng., Oct., 1914. 
t Proc. Inst. Mech. Eng., 1940, Vol. 143, p. 201. 
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to range from 15° C. (59° F.) at inlet to 20° C. (68° F.) at outlet, 
and the temperature of the brine to range from 0° C. (32° F.) to 
- 5° C. (23° F.). The refrigeration produced under standard con¬ 
ditions is called the rated capacity of the machine. A machine of 
unit rated capacity produces a refrigeration of 1 Calorie per second in 
steady woricing under standard conditions. In tho case of cooling by 
direct expansion, without the use of brine, the lower limit of tem¬ 
perature of the vapour in the evaporator is taken as - 10° C. (14° F.), 
and the temperature of the cooling water the same as those for 
machines using brine. 

“ In the ideal standard cycle for comparison with actual per¬ 
formance, the most efficient cycle employing adiabatic compression 
is that in which the pressures of suction and condensation, measured 
just after and just before the substance passes the expansion valve, 
are the same as those that occur in the actual process of working, 
and in which the substance is cooled before passing the expansion 
valve to a temperature equal to that at which, in the actual process, 
the cooling water is supplied.’* 

The efficiency ratio is the fraction— 

Coefficient of actual performance 
Coefficient of ideal performance 

The unit of refrigeration as proposed above has not been generally 
adopted by the industry, and performances are often reckoned in 
“tons of refrigeration per day,” meaning a rate of heat abstraction 
equal to that required to freeze so many tons of water per day. As 
the ton may be either English or American it would appear to be 
better to give the duty in terms of B.Th.U. per hour under given 
conditions of brine and cooling water temperatures. 

Total Heat-Entropy Charts. For the calculation of the ideal 
performance, the Mollior charts of entropy and total heat for C0 2 , 
NH 3 , and S0 2 , the three substances in practical use, have been 
drawn on a large scale, and tables giving the pressure, temperature 
and volume of saturated vapour prepared by Professor C. F. Jonkin 
for the Committee. 

Mollier, in his total heat-entropy chart, uses oblique co-ordinatos 
in order to open up or spread out tho diagram and exhibit the cycle 
more clearly. When plotting on ordinary squared paper, the co¬ 
ordinates are found by drawing lines parallel to tho direction of the 
axes through each state point to cut the scales. Tho rectangular 
co-ordinates of tho point B } Fig. 216, are y = 4, x = 3*5, and of 
C, 4, 4*5. By drawing the axis of x, inclined at a small angle a in 
Fig. 217, the vertical scale is not changed, but the horizontal scale is 
enlarged 4 times, the line BC is made 4 times its original length, 
and the triangle ABC is enlarged for tho samo size of paper, since 
the values of x can be given as shown on the constant <f> lines to the 
right. 
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Fig. 218 shows, on a small scale with a few lines, a total heat- 
entropy chart for carbonic acid with oblique co-ordinates. Adia- 



Fio. 216. Rectangular 
Co-ordinates 



Fig. 217. Oblique 
Co-ordinates 


batics ((f) constant) are drawn parallel to the oblique axis, and lines 
representing constant total heat are horizontal. During evapora¬ 



tion or condensation of the C0 2 at constant pressure and temperature, 

dH 

the change of total heat, dH = dQ — T . rf<£, and ^ = T, so that 
the slope of a constant pressure lino measures tho temperature. 
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Within the saturation line or boundary curve, representing the 
mixture of liquid and saturated vapour, the temperature of satura¬ 
tion along any constant pressure line is constant, and therefore any 
constant pressure line in the wet region is straight, but, upoti 
crossing the dry saturation line into the region of superheat, the 
temperature rises and the line curves. Each of the fan-shaped lines 
is thus a line of constant pressure and temperature, and represents 
evaporation in the refrigerating coils. The effect of drawing the 
oblique axis is to open out the fan. Again, since the heat taken in 
by the liquid during evaporation is proportional to the dryness, 
equal distances along any constant temperature lino gh correspond 
to equal increments of total heat, or equal changes of dryness. Any 
evaporation line like gh may be divided into 10 equal parts, repre¬ 
senting dryness fractions. 

Vapour Compression Cycle on the //-<£ Chart. In Fig. 218, which 
show's the changes of total heat in relation to entropy for carbonic 
acid, the same letters o, 6, c, d, e, / represent the state points of the 
refrigerant throughout the cycle as are given in the T-<f> diagram, 
Fig. 210 (p. 557). The point a represents the state of the fluid 
mixture in the evaporating coils before it enters the compressor. 

During evaporation along fa the constant pressure is 400 lb. per 
sq. in., and the temperature about - 8-6° C. At a tho wetness of 
the vapour is ahjgh , and the dryness fraction ag/gh is 0*95, when the 
mixture is drawn into the compressor. Tho line ab parallel to the 
oblique lines of constant entropy represents adiabatic compression, 
and is drawn to intersect at b the curve giving the higher limit of 
pressure, namely, that in the condenser, 800 lb. per sq. in. The 
temperature of the superheated vapour is then 35° C. 

If evaporation were complete and only dry saturated vapour 
drawn into the compressor, then “ dry ” adiabatic compression in 
the region of superheat would be shown by tho broken line hv , 
drawn from h on the dry saturation lino ; and the temperature at 
v, 45° C. 

On the other hand, if tho dryness fraction of tho mixture were 
only 0*83, at a x when taken into the compressor, such that tho 
line a x c would not pass the dry saturation lino but meet it just at 
tho condenser pressure, then there would be no superheating, and 
the compression is called entirely “ wet ” compression, and the 
temperature of the dry saturated vapour 18*6° C. 

The difference between the readings on the total heat scale of 
the ends b and a of the compression line, namely H b -H a =* 6, 
gives the amount of work in heat units necessary to compress 1 lb. 
of the refrigerant. For hv , tho work done is equivalent to 6*7 
C.H.U.; and for a t c it is 5-2 C.H.U. 

The superheated vapour at 6 is cooled in tho condonser at constant 
pressure, 800 lb. per sq. in., to dry saturated vapour at c ; followed 
by condensation cd until all is liquid at <2, and temperature 18*6° C., 
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and the liquid is further cooled to 10° C. at the state point e, found 
by the intersection of the constant pressure line from d with the 
line of constant temperature appropriate to the cooling water. 
Now the liquid at 10° C. passes through the expansion valve into 
the evaporating coils. From e draw a line ef parallel to the hori¬ 
zontal lines of total heat to meet, at /, the line representing the 
temperature - 8*6° C. and pressure 400 lb. per sq. in. in the evapo¬ 
rator. The line ef of constant total heat represents throttling 
through the expansion valve, and determines the state point /, 
giving the conditions when evaporation starts in the coils of the 
refrigerator. The dryness fraction gf/gh indicates the fraction of 
liquid which has evaporated in the throttling process to reduce 
the mixture to the temperature and pressure in the evaporating 
coils. 

The line fa shows evaporation at the lower constant temperature 
and pressure during the effective refrigeration. The difference 
between the readings on the vertical total heat scale, corresponding 
to the state points a and /, the ends of the evaporation line, gives 
the amount of heat which 1 lb. of the carbonic acid in the evaporator 
takes up from the brine or cold body. 

In this case the refrigerating effect, H a - H f — 48 C.H.U. per lb., 
and tho coefficient of performance is 48 /6, or 8. When the evapora¬ 
tion is carried on to completely dry vapour at h, H h -H f = 51 
C.H.U. per lb., and tho coefficient of performance is 51 /6-7, or 7-6. 
In the third case, that of. “ wet” compression, H al - H fl = 40*8 
C.H.U. per lb., giving a coefficient of performance 40-8/5*2, or 7-85.// 

Sir Alfred Ewing points out* a simple method of determining the 
dryness before compression which gives the maximum coefficient of 
performance in the ideal theoretical refrigerating machine. 

“ The refrigerating effect of any degree of dryness a, Fig. 218, 
before compression is proportional (on some scale) to the length fa. 
The work dono is proportional (on another scale) to the length ah. 
Hence tho position of b which will give the highest coefficient of 
performance is that which gives the smallest ratio of ab to fa. This 
is found by drawing a tangent from / on tho evaporation line to the 
line of constant pressure for the condenser, meeting that line in b. 
Then tho compression line ab is tho one which gives the maximum 
coefficient of performance in tho ideal cycle.” 

In order to determine tho standard cycle a point e is taken, 
which gives the condition of the liquid carbonic acid at 10° C. in 
this example beforo it enters tho evaporator. Draw the lino ef 
parallel to the horizontal lines of total heat to meet the line repre¬ 
senting the required temperature and pressure in the evaporator. 

Then the tangent from / to tho condenser pressure curve deter¬ 
mines the point b in tho Fig. 218, hence the state point a of dryness 

* See Appendix II of the Report oj the Refrigeration Committee of the Institu¬ 
tion of Mechanical Engineers t 1914, p. 681. 
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at which compression should begin. It is advisable to use the 
large scale charts, drawn up by Professor C. Frewen Jenkin, 
from which the figures given in this examplo were found by 
measurement. 

Again, suppose the condensed liquid at 18-6° C., in the state 
ant Temperature d > instead of being cooled 

. Cofl sta lines, \ \iAn° 10 C., as m ^ 10 P revious 

example, is allowed to pass 
directly through the expansion 
valve. The throttling is repre- 
° sented by the constant total 
heat line df lt and effective re¬ 
frigeration starts at f v when 
the dryness fraction is already 
gfilgh. Now, for maximum 
performance, draw a tangent 
from f x to the condenser pres¬ 
sure curve be , and tho constant 
</> line from the point of contact 
meets the evaporation lino gh> 
where the dryness is 0-975. 
The maximum coefficient of 
performance is found to be 
7-25, instead of 8. Obviously, 
the performance of the machine 
is improved by cooling the 
liquid refrigerant after con¬ 
densation and before it passes 
tho regulating or expansion 
v valve to the lowest tempora- 
^ ture to take up heat from the 

Entropy. cold body. 

Fio. 219. H-(f> Chart for Ammonia Another examplo is given in 

Fig. 219, to illustrate the use 
of the H-<f> diagram for ammonia. The temperature of evaporation 
taken is - 5° C. at the corresponding constant pressure 50 lb. per 
sq. in., and the ammonia is condensed at 35*5° C., tho pressure 
being 200 lb. per sq. in., and the liquid cooled to 15° C. 

Here the cooling curve de of the liquid ammonia practically 
coincides with the boundary curve, even on the largo scale chart, 
while the points e and / coincide on the diagram, Fig. 219. 

When there is uncertainty as to the exact point of contact of the 
tangent fb to the curve, tho point a for tho greatest coefficient of 
performance may be found by taking several valuos of the dryness 
before compression, so that the vapour is dry or slightly superheated 
at the end of adiabatic compression. 

Starting with tho vapour of dryness 0-9 when drawn into the 


■I 


Entropy. 

Fio. 219. H-(f> Chart for Ammonia 
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compressor, which gives dry saturated vapour when the pressure 
is 200 lb. per sq. in., it is only necessary to take the two readings 
of H af H b on the chart for each compression line, and of H f on 
the total heat scale. The following results were obtained— 


Dryness before 
Compression 

Refrigerating 

Effect 

Work in the 
Compressor 

Coefficient of 
Performance 


H„-H/ 

H b ~ H a 


1*0 

286-6 

45-5 

6-30 

0-976 

277-6 

43-7 

6-35 

0-96 

270-2 

41-7 

6-48 

0-926 

258-6 

39-0 

6-63 

0-9 

266-6 

38-8 

6-58 


Thus, according to tho ideal standard cycle for ammonia, on the 
assumption of adiabatic compression, the greatest coefficient of per¬ 
formance is found by having the vapour slightly superheated at the 
end of compression. 

From the H-(f> charts it is easy to determine the amount of heat 
which 1 lb. of ammonia or carbonic acid can extract from the cold 
body when working under given conditions as to temperature and 
pressure of evaporation and condensation. It is also necessary to 
know the volume of 1 lb. of the working fluid in the state of vapour 
from tables. Then, making duo allowances for loss of heat, mech¬ 
anical and volumetric efficiencies, tho power and size of the 
compressor may bo estimated. 

In the actual machine, instead of the ideal adiabatic compression 
there is interchange of heat between the vapour and the walls of 
the compressor cylinder, and this transfer of heat is less with dry 
compression than with wet, because tho liquid is a better heat 
conductor and has greater specific heat than the dry vapour. In 
addition to tho indicated work in tho compressor, there is heat, 
given to tho vapour, equivalent to work spent in friction of the 
piston and glands. Every part of the plant at a temperature below 
that of the atmosphere must gain heat by leakage into it from the 
surroundings. 

With saturated vapour in the compressor at the end of the stroke, 
the loss due to clearance may be greater than with superheated 
vapour. It is all-important to have the clearance between the 
piston and cylinder cover, reduced to the smallest practicable. Any 
vapour remaining in tho clearance at the end of the discharge 
stroke is at the higher pressure, and tho piston must travel some 
distance in the suction stroke before this vapour expands below 
tho lower pressure to allow the fresh charge to be admitted. 

Superheat at tho ond of compression is also desirable, to avoid 
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liquid being pumped idly round the whole cycle, and to ensure 
that the clearance space does not contain liquid which would 
evaporate during the following suction stroke, and seriously diminish 
the circulation of the vapour and tho volumetric efficiency of the 
compressor. Thus by careful adjustment for slightly wet com¬ 
pression, a greater quantity of refrigerant would be circulated and 
greater refrigerating offect apparently produced than with all dry 
compression for the same volume swept by tho piston. Generally, 
in practice, the liquid is completely evaporated in order to avoid 



the absorption of heat by evapor¬ 
ation in the compressor cylinder, 
which is found to counterbalance 
the slight theoretical gain by 
partially wet compression. 

When the temperature of water 
entering the condenser is near the 
critical point of carbonic acid, 
superheating is necessary. With 
cooling water at a lower tempera - 


Fia. 220. H-(f> Chart ture, and under ordinary working 

conditions, the record of tests 


shows the best results when tho C 0 2 vapour is discharged from 
the compressor at a temperature about 50° to 70° C. 


Example 7. An ammonia vapour compression refrigeration plant is to 
effect a refrigeration of 20 lb. calories per second, and tho working limits are 
as shown in the heat-entropy chart. Fig. 220. Tho not heat from the cold 
chamber is only 85 per cent of the possible amount shown on the chart, and 
the mechanical efficiency of tho compressor is G5 per cent. Determine the 
horse-power required to drive the compressor and tho amount of fluid circu¬ 
lation required for tho stated performance. 

If the specific volume of saturated ammonia vapour at 40 lb. per sq. in. is 
7 cu. ft. per lb., determine a suitable size of compressor at 80 r.p.m., single- 
acting, with a piston speed not exceeding 150 ft. per min. 

( U.L ., D.Sc. {Eng.), 1921.) 


By the chart, at the state points a, 6, c, e, / of the cycle, wo have 
Heat extracted = H a - H f = 274 - 22 

= 252 calories per lb. of NH 8 evaporated 
Work done == H b - H a = 310 - 274 = 36 calories per lb. 

Net refrigeration per lb. NH S = 252 X 0*85 

= 214-2 C.H.U. per cycle or rev. 

Work =__ = 20 X_36 ^ ^ 

Coefficient of performance 214-2 

. UTJ 20 x 36 x 1,400 x 100 lfl 
• • “ 214-2 x 660 X 65 ~ 
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Let V = specific volume of gas leaving evaporator 
a — specific volume of liquid 
x = dryness fraction of gas leaving evaporator 

Then effective volume per lb. of NH S 

= Vx + *(1 - x)* = 7 x 0-91 = 6-37 cu. ft. 


refrigeration per cubic foot of compressor cylinder volume 
_ 0-85 (H a - H,) 214-2 


Vx 


6-37 


== 33-62 calories 


The refrigeration required is 20 calories per sec., which would be 
given by 


20 

33-62 


X 60 cu. ft. of NH 3 per min. = 35-7 cu. ft. per min. 


Now, work done per lb. NH 3 per cycle=36 C.H.U.=36x 1,400 ft-lb. 


and the work done per cubic foot = 


36 X 1,400 
6-37 


ft-lb. 


Horse-power required 
36 X 1,400 X 35-7 s 
~ 6-37“ X 33,000 X 


100 

65 


13-16 H.P. 


Again, at 80 rev. or 160 piston strokes per min., and piston speed 

15 

150 ft. per min., the length of one stroke is — ft. But the volume 

swept by the piston during one suction and one compression stroke 
must be 2 x 35-7, or 71*4 cu. ft. per min. 

Let A = sectional area in square feet of compressor cylinder, 


then A x ~ X 160 = 71-4, and A = 0-476 sq. ft. 
lo 

Diameter of cylinder in inches = 

15 

and piston stroke = — X 12 = 11£in. 


J 


0-476 x 144 
0-7854 


9-342 in., 


Pressure-Total Heat Charts. The most convenient chart for 
studying the behaviour of a refrigerant is that in which the two 
co-ordinates are pressure and total heat. A typical chart is shown 
in Fig. 221 in broad outline. 

The saturated liquid line and the saturated vapour line merge 
into one another at the critical point. A saturated liquid is one 

♦ The term s(l - x) « 0-02663(1 -0-91) = 0-0023 for NH, is negligible for 
practical purposes. 
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which has a temperature equal to the saturation temperature 
corresponding to its pressure. The space to the left of the saturated 
liquid line will therefore be a supercooled liquid region, the space 
between the liquid and vapour lines being a wet vapour region and' 
that to the right of the vapour line being the superheated vapour 
region. A typical constant temperature line is shown by the line 



Fig. 221. Pressure-Total Heat Chart 


CARD. In the wet region the portion AB of the constant tempera¬ 
ture line is also a constant pressure line, the vapour at A condensing 
to liquid at B. The general trend of the various lines is shown in 



Fio. 222. Vapour Compression Cycle 


the figure although their exact slopes depend on the co-ordinate 
scales.* Thus pressure is generally plotted to a log scale. 

The vapour compression cycle on a p-// diagram is illustrated in 
Fig. 222 the letters corresponding with those in Figs. 210 and 211. 

The various processes are— ab , adiabatic (isentropic) compres¬ 
sion ; be, extraction of superheat; cd , condensation of vapour; de, 
subcooling of liquid; ef, throttling (constant total heat); fa, 
evaporation (refrigeration). 

* A set of charts for various refrigerants is issued in Refrigeration Theory and 
Applications by H. G. Venemann, published by Nickerson and Collins (Chicago). 
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Pre-COOling. The replacement of the expansion cylinder by an 
expansion valve simplifies the machine, but reduces the refrigeration 
effects in the evaporator. Not only is there less liquid left to evapor¬ 
ate usefully and absorb heat from the cold body, but the work done 
in expansion is lost. On the other hand very little work could be 
recovered by adiabatic expansion of the liquid, and this would be 



Fig. 223. Pre-Cooler for Liquid CO a ( Haslam ) 


reduced by mechanical loss in the expansion cylinder, apart from 
the necessity of adjustment of the expansion for varying temperature 
conditions. 

The loss is negligibly small in the ammonia machine, but is 
greater in the C0 2 machine. 

In order to reduce the loss, a pre-cooler (Fig. 223) can be used 
between the condenser and evaporator. The liquid from the con¬ 
denser is passed through valve D into the pre-cooler at a lower 


12001 be , 


247 lbs . 

Inoicatop Diagram 

Fio. 224. Indicator Diagram with Pre-Cooler 


Gas admitted 
Ports. 

- ^Xiylbs. 

_ i 


pressure. Hence a portion of the liquid evaporates, cooling the rest 
of the liquid which collects at the bottom of the receiver, and passes 
on through valve E to the evaporator. The vapour collects at the 
top of the pre-cooler and passes through pipe F direct to the com¬ 
pressor cylinder, where the piston uncovers ports at the end of the 
suction stroke and admits the high pressure vapour. 

This super-charge greatly increases the pressure of the charge 
drawn from the evaporator and already in the cylinder, before the 
compression stroke begins. The result is increased refrigerating 
effect and efficiency of the machine. The p-v diagram, Fig. 224, 







578 


APPLIED THERMODYNAMICS 


compared with that of Fig. 209, indicates the increase of work 
required to drive the compressor. The results of careful tests show 
a marked increase of refrigerating effect per unit of work done v 
There is a larger proportion of liquid in the fluid entering the 
evaporating coils from the pre-cooler, and the coil surface is more 
efficient in absorbing heat from the brine. 

Example 8. A vapour compression refrigerating plant uses ammonia as the 
working fluid, and the pressure and temperature of delivery from the com¬ 
pressor are 1601b. per sq. in. and 100° F. After condensation, the liquid at 



60° F. is passed through a throttle valve to tho evaporator in which the pres¬ 
sure is 35 lb. per sq. in. Using tho following information abstracted from tables 
using — 40° F. as datum, find the coefficient of performance. Sketch the 
Total Heat-Pressure diagram for the cycle. 


(lb. per sq. in.) (° F.) 
p sat. t sat. 

160 82-64 

35 5-89 


(J3.T.U.) 
h (liquid) 
135-0 
49-3 


entropy 

(liquid) 

0-2804 

0-1113 


L 

T 

0-9148 

1-2123 


At 1601b. per sq. in. and 100 F. t tho total heat is 643-9 15. r rh.U. and the 
total entropy is 1-2186; at the same pressure the liquid heat at 60° F. is 
109-5 B.Th.U. 

If the throttling process had been carried out by first throttling to 60 lb. 
per sq. in. and then throttling tho liquid only to the evaporator, the vapour 
being passed back to tho compressor, find tho increaso in the refrigeration 
effect per lb. of tho fluid passing through the evaporator. Assumo tho vapour 
leaves the evaporator in tho same condition as previously, and at 60 lb. per 
sq. in., the liquid heat at the saturation temperaturo of 30-2° F. is 75-9 B.Th.U. 
All pressures are absolute. 

{lJ.LM.Sc. (Eng.), 1945) 

Fig. 225 illustrates the p-H diagram where 

T a = 5-89 + 460 = 465-9° F. abs. 

~ 1-2186 
<f> F =01113 
x = dryness fraction at A. 


Let 
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(a) For 35 lb. per sq. in., 

=(f> A — <f> F 

1 A 

Then xL = (<f> A - <f> F )T A = (1-2186 - 0*1113)465-9 
- 516 B.Th.U. per lb. 

II A = h F + xL-^= 49*3 + 516 - 565*3 B.Th.U. per lb. 


Hence work done 


- H n - H A = 643*9 - 565*3 = 78*6 B.Th.U. per lb. 



Refrigerating effect = H A —- H D = 565*3 — 109*5 
= 455-8 B.Th.U. per lb. 
Coefficient of Performance 

455-8 
78*6 


= 5-8 


(6) If removal of vapour takes place at 60 lb. per sq. in., the 
initial expansion is CC'. On removal of the vapour, the state of the 
remaining fluid is given by the point C". The subsequent expansion 
is therefore C”D’. The increase in refrigerating effect is given by 
DD' where H jy = II c * = 75*9 B.Th.U. per lb. (given in question). 

Hence increase in refrigerating effect per pound of fluid passing 
through the evaporator = H n — II iy = 109-5— 75-9 = 33-6 B.Th.U. 
It should be noted that if the extracted vapour is passed back to 
the compressor, the mass of fluid passing through the compressor is 
greater than that passing through the evaporator. 

Compound Compression. Compound compression is used in con¬ 
junction with pre-cooling. This is illustrated in Figs. 226, 227 and 
228. 

There are two throttle valves with an intermediate separator and 
two stages of compression, arranged as shown in Fig. 226, the arrows 
showing the direction taken by the refrigerant. 
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Figs. 227 and 228 show the compound cycle ABCDD n EFKM 
compared to the single stage cycle AD'I)"EN. For simplicity no 
undercooling of the refrigerant in the condenser is included. 

In the compound cycle, the refrigerant leaving the condenser in 
the state represented by the point E (Figs. 227, 228) is throttled 
through the first valve along EF , being partially vaporized to a 
dryness fraction x F . The wet vapour passes into the separator 
where the mass of liquid is (1 — x F ) lb. for every pound of refrigerant 
leaving the condenser. This liquid represented by the point K passes 
through the second valve (along KM ), is evaporated along MA and 
then compressed in the L.P. cylinder along AB whence it passes 



Entropy Total Heat 

Fig. 227. Compound Com- Fig. 228. Compound Com¬ 
pression T-(f> Diagram pression p-fl Diagram 


into the H.P. suction together with the x F pound of dry vapour 
from the separator. This x F lb. of dry vapour cools the (1 — x F ) lb. 
of superheated vapour from the L.P. compressor, but this cooling 
is not necessarily enough to remove all the superheat from B to C. 
Hence some external cooling is generally necessary for this purpose. 
Assuming the refrigerant is cooled to dry saturated vapour at C\ 
it is then compressed along CD , and condensed along DE to liquid, 
and possibly under-cooled. (Not included in diagrams.) 

Assume 1 lb. of fluid passes through the H.P. compressor. Then 
(1 — x F ) lb. of liquid passes through the second throttle, and hence 
to the evaporator. 

Refrigerating effect = (1 — x F ) (II A — II M ) 

= (1 ~ X F ) ( X A~ X m) L 

where L is the latent heat of the refrigerant at the evaporator 
pressure. 

The H.P. work - II D - II c 

L.P. work = (1 — x F ) ( H d — II A ) 

If the loss in intercooling mentioned above is neglected then 


Coefficient of performance 


_(1 - x F ) (x A -• x M )L _ 

(H d IIq) + (1 — x F ) (II F — H A ) 
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For single-stage working without pre-cooling 

Work = IIjy - II y 
Refrigerating effect — II A — H N 

II a- II 


c.o.p. = :, A 

H D ' 


N 


H 


The amounts of work done may be shown in terms of areas on 
the T-<f> diagram (Fig. 227). Thus for 1 lb. of fluid passing through 
the H.I\ cylinder in two stage compression, 


H.P. work - Area CDD"EKC 
L.P. work = Area ABCKOA 


For single stage working without pre-cooling 
Work - Area A D'D'EOA 


Hence the extra work required for single stage compression is 
measured by the area BD'DC. 

Ammonia Absorption Machine. Ammonia vapour (NH 3 ) is very 
soluble in cold water, and heat is given out when the NH 3 is absorbed 
by water. The ammonia vapour may be driven out of the solution 
by heating it, and a larger quantity of heat is needed to evaporate 
the liquid when in solution with water than to evaporate the 
same weight of pure liquid ammonia, at the same pressure and 
temperature. 

The difference is the heat energy required to overcome the 
affinity of the substances and to separate the NH a from the 
water solution. It takes about 450 to 470 C.H.U. to separate 1 lb. 
of NH S from the solution in water and change its state from that of 
liquid to vapour, whereas the latent heat of evaporation from pure 
liquid ammonia is only 300 to 320 C.H.U. per lb. (See Table XXVII, 
p. 594.) When the NH 3 vapour, driven out of its water solution 
by steam hoating in the generator, Fig. 229, is cooled by water 
circulation in a condenser , it is readily liquefied by its own pressure 
above 150 lb. per sq. in. (abs.) at tho ordinary temperature. In the 
process of refrigeration, tho liquid NH 3 , at this pressure, is allowed 
to pass through a regulating or expansion valve into the evaporating 
coils in the refrigerator , where it extracts its latent heat of evapora¬ 
tion from the brine or other body to be cooled. 

The vapour pressure is reduced, say to about 30 lb. per sq. in., 
and evaporation encouraged by absorption of the vapour in the 
solution in the absorber at 25 lb. per sq. in., which acts like the 
suction stroke in the vapour compression machine. The water 
solution, rich in NH 3 , is pumped from the absorber back through 
the interchanger , where it is heated, to the analyser , where it drips 
down over trays to tho generator. 

While tho NH 3 is driven out of tho solution in the generator, 
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heated by steam coils , the liquid becomes denser and falls to the 
bottom. This weak solution from the bottom of the generator at 
the higher pressure and temperature is allowed to pass the checlp 
valve and through coils in the interchanger or economizer, where 
it gives up heat to the rich solution pumped from the absorber, 
and, thus cooled , passes again to the absorber, which requires to be 
cooled because of the amount of heat given out by the NH, in 
dissolving. 

The wet ammonia vapour leaving the generator passes up through 
the analyser , or separator, containing a series of trays which separate 
more water from the NH 3 . The vapour is further cooled and dried 


Jim 


Analyser. 

[~GenerC 

Steam 


fl 




Condenser. Evaporator. 



Inter - u Absorbed 

changer?^ Pump. j' ,j 


Valve. 


Absorber. 


Check Valve. 


Fio. 229. Ammonia Absorption Refrigerating Machine 


in a rectifier , not shown in the diagram, Fig. 229, on the top of the 
condenser, and the water condensed is returned to the upper part 
of the analyser. 

In this absorption process of refrigeration the efficiency is 
measured by the ratio Qt/Q, where Q 2 is the refrigeration effect, 
that is, the amount of heat extracted from the brine in the evapo¬ 
rator, and Q is the heat supplied to the refrigerating machine at 
high temperature in the steam, not only in the generator coils, but 
also that required to drive the pump. It is obvious this efficiency 
must be less than unity, on account of the additional heat needed 
to drive the ammonia from the solution in water, above the latent 
heat of evaporation which gives the effective refrigeration. In 
practice, taking into account all the losses, the refrigeration effect 
is about a quarter of the heat supplied in the steam. For instance 
tests show that an ammonia absorption machine is capable of 
making 16 tons of ice per ton of coal. The calorific value of ordinary 
coal is about 12,000 B.Th.U. per lb., and the heat taken from 1 lb. 
of water in cooling and freezing, is about 200 B.Th.U. of effective 

refrigeration. Then the heat ratio, S 2 = or 26 per cent. 

y 12,000 
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In the absorption refrigerating machine invented by Mr. W. W. 
Seay, anhydrous NH 3 is absorbed by anhydrous salt like sulpho- 
cyanide of ammonium, for which it has great affinity. The pro¬ 
portion in the mixture is 1 lb. of NH 3 to 3 lb. of the dry salt, which 
unite to form a liquid solution, and the NH 3 vapour can be driven 
off by heating, leaving the salt dry again. There is no water 
in this working substance, but in the absorber cold water circulates 
through a coil of pipe to take up the heat given out during absorp¬ 
tion of the ammonia vapour by the salt. This heat is much less 
than the latent heat of the vapour, for part of it is used to liquefy 
the salt. In the same way, in the generator, steam or hot water 



Fig. 230. Ideal Machine Fig. 231. Ideal Cycle 


through a coil of pipe supplies tho heat required to drive off the 
NH a vapour. The amount of heat required is also less than the 
latent heat of the vapour, for part of the heat required is given out 
in the solidification of the salt. The NH 3 vapour from the generator 
is cooled by circulating water and liquefied in the condenser, then 
it passes through an expansion valve to the evaporator, where it 
extracts heat from the brine in the usual way. 

For small domestic installations using the ammonia absorption 
process, the pump may be omitted by the introduction of hydrogen 
into the low pressure side. The ammonia acts normally under its 
partial pressure. The total pressure is arranged to be practically 
uniform throughout the system. Thus the weak solution passing 
from the boiler to the absorber moves under gravity, while the flow 
of strong solution in the opposite direction is assisted by a vertical 
pipe between boiler and absorber, heated at its lower end by a small 
heating coil or gas jet. 

The Ideal Absorption Process. The ideal process may be con¬ 
sidered as a combination of an ideal heat engine E driving an ideal 
heat pump P (Fig. 230). A quantity of heat Q x is taken in by the 
engine at a temperature T x absolute. This in the absorption process 
is the heat required to drive off the ammonia in the generator. 
Another quantity of heat Q 2 at a low temperature T 2 is taken in by 
the heat pump. This is equivalent to the refrigerating effect in the 
absorption process. A third quantity of heat Q at some intermediate 
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temperature T is rejected, being equivalent to the heat rejected in 
the condenser, and the cooling of the absorber. 

The ideal cycles are shown in Fig. 231. The work done by the 
heat engine must be equal to the work absorbed by the pump. 

i. e . Q W j L-H = and area CDHB = area ABFE 

I 1 I 2 

The ratio of the refrigerating effect to the heat taken in at the 

Q y rf p __ p 

higher temperature T x is therefore ~ = — X T ~—>. r . 

Vl I 1 -* -*■ 2 


The heat areas are given on the T-<f> chart (Fig. 231) as under— 
Heat absorbed by engine -- Q x at T x — Area CDKL 
Heat rejected by engine - Q A at T — Area BHKL 
Work done by engine = Q x — Qa ~= Area CDIIB 
Heat absorbed by pump — Q 2 at T 2 Area EFLM 
Heat rejected by pump — Q B at T — Area ABLM 
Work absorbed by pump = Q B — Q 2 = Area A BFE 

As the work done by the engine is equal to the work absorbed by 
the pump, 


that is 


Qi Q a 
Qa + Qr 


From the equation ( r l > 1 - 


Qh-Q 2 
Q ~ Q\ + Q2 

(T _ T \ 

Q 2 -—^—-- it follows that 


Qi , Qi Qa + Q i Q 

T x f T 2 ~ T T 


This means that the entro]>y as a whole does not change; that is 
we may regard the process as a transfer of entropy from two sources 
at T x and 1\ to a common sink at an intermediate temperature T. 

Refrigeration by Sublimation 

(a) The Triple Point. One may represent the relation between 
temperature and pressure of saturated aqueous vapour by a curve 
(the steam line) such as AB, Fig. 232. A similar curve AC shows 
the relation of the same quantities, for which a mixture of ice and 
water will remain in equilibrium. This is termed the ice line. A 
third curve AD showing the same relation for the equilibrium of ice 
and aqueous vapour is termed the hoar-frost line. These three lines 
meet in a point A called the “triple point,” which may be defined 
as the point indicating the temperature and pressure at which 
water, ice and aqueous vapour can simultaneously exist in contact. 
The same phenomenon of course occurs for other substances which 
can exist in the liquid, solid, and vapour conditions. 
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The pressure and temperature at the triple point for water are 
approximately 0-089 lb. per sq. in. abs. and 32-013° F. respectively. 

From Fig. 232 it will be seen from the slope of the ice line AC 
that if the pressure is raised, the melting point of ice is lowered. 
This also follows from Claperyon’s equation 


V\u — Vi ~f~ 


JLdT 
T dp 


dT 

for as v w is less than v t then is negative. 


(b) Charts for C0 2 inchidiiu] the Triple Point. The T-<f> chart for 
C0 2 in broad outline (not to scale) is shown in Fig. 233*. The portion 
above BI) is similar to that for 
water and steam as in Fig. 131. 

C is the critical point, I)C the satur¬ 
ated vapour line, and BC is the 
saturated liquid line, that is liquid 
at a temperature equal to the satur¬ 
ation temperature corresponding 
to its pressure. In passing along 
DB , dry saturated vapour at 1) is 
condensing into liquid at B by the 
abstraction of heat at constant 
pressure and temperature. 

Any further removal of heat at 
constant temperature will change 
the liquid at B into solid at A. The line connecting temperature 
and entropy for the saturated solid state is shown at AO. A solid 
is said to be saturated when at a certain temperature, it is ready to 
sublime upon the addition of heat. The area OADKO represents 
the sublimation zone, wherein solid and vapour may exist together. 
Thus while passing horizontally from the curve BC to the curve CD 
represents evaporation from liquid to vapour, so passing horizontally 
from the curve AO to the curve DK represents sublimation, that is 
the change from the solid to the vapour state without passing 
through the liquid phase. The triple point conditions for C0 2 are 
75-1 lb. per sq. in. abs., and — 69-9° F. Thus at atmospheric pressure 
solid C0 2 will sublimate and is therefore called “dry ice.’' 

To illustrate the use of the T-<f> chart, certain values of entropy 
have been included on Fig. 233 in order to calculate the latent heat 
of fusion Q f of C0 2 , that is the heat to melt 1 lb. of solid C0 2 into 
liquid at the same temperature. This heat will be the heat absorbed 
in passing from A to B at a constant temperature of — 69-9° F. 



* A T-<f> chart for C0 8 is given in Thermodynamics for Engineers by tho late 
Sir Alfred Ewing (C.U.P). 
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Thus Q f = (<j> B - <f> A ) T = (- 0 1115 + 0-3275) (460- 69-9) 

= 84-3 B.Th.U. per lb. 

The latent heat of evaporation L is the heat absorbed in passing 
from B to D. Thus 

Thus L = ((f) D — <f> B ) T - (0-2724 + 0-1115) (460- 69-9) 

= 149-7 B.Th.U. per lb. 

In the above it has been assumed that the C0 2 has passed from 
A to D by first melting from A to B and then evaporating from 



B to D. Taking a horizontal line very slightly below AD the sub¬ 
stance may be considered to pass from solid at A to vapour at D 
through the sublimation zone. The heat of sublimation Q s will 
therefore be given by 

Q s = (<f> D -<f> A ) T = (0-2724 + 0-3275) (460- 69-9) 

- 234 B.Th.U. per lb. 

The pressure-total heat chart for C0 2 is illustrated in Fig. 234* 
The portion above ab is similar to the chart illustrated in Fig. 221. 
The lettering in this chart corresponds with that in Fig. 233. Thus 
the area bed is the evaporation area, and the area adko is the sub¬ 
limation area. Four constant temperature lines are shown for the 
following temperatures. 

87-8° F. Corresponding to the critical temperature 
32° F. 

— 69-9°F. Corresponding to the triple point 

— 109-3° F. Corresponding to atmospheric pressure of 14-7 lb. 
per sq. in. 

* A complete chart is included in those mentioned in footnote to page 576. 
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The values of total heat for several points are also shown for 
calculating the following examples. 

(i) As a check on the value of the latent heat of fusion of C0 2 
under triple point conditions of temperature and pressure. 

Q f = H h - U a = - 13-7 + 97-9 - 84-2 B.Th.U. per lb. 

(ii) To calculate the heat absorbed in the sublimation of dry ice, 
let it be assumed that we have 1 lb. at a pressure of 14-7 lb. per sq. in. 
abs. in the solid conditions represented by the point e (Fig. 234). 
The temperature of the solid C() 2 will be — 109-3° F. If it now 



absorbs heat, the process of sublimation follows the line ef y the heat 
absorbed in this sublimation from solid vapour being given by the 
increase in total heat. 

Thus II, ~H e = 133-3 + 113 - 246-3 B.Th.U. per lb. 

If this refrigerant were cooling any substance at 32° F. then 
the extra heat absorbed by the C0 2 vapour in raising temperature 
from - 109-3° F. to 32° F. would be II g -H,^ 160-2 - 133-3 
= 26-9 B.Th.U. per lb. Thus the total heat absorbed by the C0 2 
would be 246-3 + 26-9 = 273-2 B.Th.U. per lb. The latent heat of 
fusion of water ice is 143-3 B.Th.U. per lb. This illustrates the 
advantage of the use of C0 2 over water ice, apart from the fact that 
there is no liquid phase. 

Cascade Method for very Low Temperatures. In this method a 
series of compression refrigeration circuits is used in which the 
refrigerant in the first circuit, after throttling, on subsequent 
evaporation acts as the condensing medium for the next circuit, 
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and so on. The working substances in the circuits are so chosen, 
that the evaporation temperature of any one is lower than the 
critical temperature of the next in the series. 

Regenerative Cooling. The Linde regenerative process of' 
refrigeration, applied to attain the lowest temperatures for 

the liquefaction of air and gases, is 
based on the Joule-Thomson cooling 
effect. 

In the diagram, Fig. 235, the com¬ 
pression pump, P, draws in air, or 
other gas, by the suction valve O f 
and delivers it under high pressure, 
p l9 of 100 to 200 atmospheres, by 
the valve H to the cooler R , through 
which cold water circulates by the 
inlet K and the outlet L. The com¬ 
pressed air at high pressure, p v and 
temperature T u then passes through 
the counter current interchanger by 
the inner spiral pipe DE , to the 
throttle valve or orifice N, into the 
vessel C. During throttling the drop 
of temperature to T* occurs with the 
pressure drop from p x to p v 

Then the air returns through the outer pipe ED, taking up heat 
from the compressed air flowing in the opposite direction through 
the inner coil DE , and is raised very nearly to the initial tem¬ 
perature T 1 at D. The same air is again drawn into the compression 
pump P, and goes through the cycle of compression, cooling 
throttling, and taking up heat during its return. 

The apparently slight cooling effect or drop of temperature by 
throttling, which in the case of air is only C. for every atmosphere 
fall in pressure, when repeated continuously under the difference 
of pressure, p x - p 2 , enables the air after throttling to take up heat 
in the interchanger from the other portion of compressed air on its 
way through DE to the throttle valve. By repeating the cyclo 
with continuous abstraction of the same quantity of heat from the 
interchanger coils, and air in them, any gas is gradually reduced 
below its critical temperature and to T v the boiling point at the 
lower pressure p 2 , which produces liquefaction. Thus the steady 
state of thermal equilibrium is established at the lowest temperature 
in the vessel C. 

The ideal conditions are : no heat leakage from outside to the 
interchanger, and complete transfer of heat in the interchanger 
at every point along the inner coil at the high pressure, p l9 to the 
outer coil. Then there will be a gradual fall of temperature from 
at D, to E f where the drop of temperature by throttling eventually 



Fia. 235. Linde Regenera¬ 
tive Machine 
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reduces it to T 2 at F in the low pressure coil FD, in which the 
returning gas at pressure p 2 receives heat from the high pressure 
coil and gas, until at D its temperature is raised to T x . 

There are two losses : (i) That due to leakage of heat from 

the outside by conduction and radiation, which thorough insula¬ 
tion may reduce, but never quite prevent, (ii) Imperfect inter¬ 
change of heat, which is overcome by the counter current in very 
long pipes of copper or other good conductor of heat, one inside 
the other, formed into a spiral coil or worm, giving close thermal 
connection. 

The Joule-Thomson cooling effect, T 1 - T' y for a given pressure 
drop may be measured by the quantity of heat, Q per lb. of gas, 
necessary to raise the gas after throttling to the temperature T v 
at which it enters the interchanger. That is, Q = C V (T 1 - T'), 
where C P is the mean specific heat of the gas between these 
temperatures and at the lower pressure p 2 . 

Now, the total heat, H f is a function of the pressure, and for a 
given temperature the total heat of a gas is greater at the lower 
pressure. Each pound of gas entering the interchanger at p l9 T lf 
has internal energy E v and the work done upon it is p^. If each 
pound of returning gas leaves the interchanger at the same point D, 
under pressure p 2y and at the same temperature T ly having taken 
up a quantity of heat, Q , in the interchanger, it has internal energy 
E 2) and does work against external pressure equal to p 2 v 2 . Therefore, 
the difference in the total heat is the amount of heat taken from 
the apparatus per pound of gas that flows through in one cycle— 

II t - Hi = E 2 + Apm - (E, + AfyVy) 

This amount of heat Q is that necessary to raise the gas on leaving 
to the temperature T v hence Q = H 2 - H v 

The value of Q depends only on the pressures p x and p 2 , and 
the temperature T v and may be determined experimentally by 
observing the Joule-Thomson drop of temperature, T 1 -T\ during 
throttling from p x to p 2i without any interchange of heat. 

When the gas begins to liquefy, the part that is liquid collects in 
the vessel C , and is drawn off by the stop-cock M. More air is 
pumped in through the stop valve A by an auxiliary low pressure 
pump, to replace the fraction that is liquefied. 

The effective refrigeration is greatly increased with a lower initial 
temperature, T lt hence the compressed air or gas is pre-cooled by 
separate refrigeration before being supplied through the stop valve 
A . This pre-cooling is essential for hydrogen, in which throttling 
at the ordinary temperature has a heating effect that becomes a 
cooling effect at a low initial temperature. 

Linde also showed that, while the cooling effect in throttling is 
increased by a larger pressure drop or difference of pressures 
Pi “ Pa> t'k® work done in compression depends on the ratio of the 
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pressures r = ~, which should be kept small to obtain greater 

practical efficiency. In the isothermal compression of a perfect gas 
the work spent is RT X log £ r, and in adiabatic compression from 


constant initial temperature 



y - 1 
y 


is the variable factor. 


Hence, by working at a comparatively high back pressure p v the 
work spent is greatly reduced. If p x is 100 atmospheres and p 2 is 
one atmosphere, the cooling effect is proportional to 99, and the work 
of compression is nearly proportional to log 100. Whereas, when p 2 
is 50 atmospheres, the cooling effect is proportional to 50 and the 
work of the compression pump to log 2. For adiabatic compression 
the work is still more reduced. Thus, working with p 2 at 50 
atmospheres gives higher thermodynamic and practical efficiency. 
When p x is 200 atmospheres, p 2 may be 100 for efficient working. 

As liquefaction proceeds, the apparatus remains at a steady 
temperature condition in thermal equilibrium, not getting any 
colder, neither gaining nor losing heat on the whole. At this stage 
the larger fraction of gas not liquefied continues to go through the 
same cycle, and the gas leaves the interchanger at the same tem¬ 
perature T x as the gas that enters at D. 

If a; is the fraction not liquefied, and 1 - x the small fraction 
drawn off as liquid at T 2 ; then the total heat H x of the gas entering 
the interchanger is equal to xH 2i that of the gas returning at D v 
together with (1 -x)H e of the liquid leaving at C. 


Hi = xH t + (1 -x)H c 


Suppose the liquid leaving at C were evaporated at its boiling 
point T ty and the vapour heated at the same pressure p 2t from 
T t to T v to bring the whole of the fluid leaving the interchanger 
to the temperature T x at D ; the heat required would be 

(1-x) {L + C v (T x -T t )} = Q 

which gives the fraction (1 - x) that is liquefied. 

In Norway the Linde plant liquefies air on a large scale for the 
purpose of supplying nitrogen, which is passed over hot calcium 
carbide in the manufacture of a nitrogeneous fertilizer. 

Rectification of Liquid Air. In the Linde process of rectification 
of liquefied air, the more volatile nitrogen evaporates more readily 
than oxygen, and the liquid becomes richer in oxygen. Under 
atmospheric pressure the boiling point of nitrogen is about - 194°C. 
or 79° C. (abs.), and that of oxygen - 182° C., or 91° C. (abs.). 

In one process the upper part of a tall rectifying column is filled 
with glass balls, through which liquid air trickles down ; and at the 
bottom there are condenser pipes, where nearly pure liquid oxygen 
collects. Highly compressed air, cooled by passing through a 



REFRIGERATION 


591 


counter current interchanger, enters at the bottom, becomes lique¬ 
fied in the condenser pipes, and its latent heat serves to evaporate 
some of the liquid oxygen. A stream of oxygen gas passes up the 
rectifying column and meets the liquid air trickling down. The 
oxygen gas condenses and returns with the down-stream, while the 
latent heat given out by the condensation evaporates the nitrogen, 
which passes off at the top of the column mixed with about 7 per 
cent oxygen ; while nearly pure oxygen collects at the bottom. 
The gas from the top of the column is passed through a counter 
current interchanger to take heat from the incoming compressed 
air. 

In a modification of this process, a fractional method of lique¬ 
faction is adopted to separate a liquid rich in nitrogen into practically 
pure nitrogen, which passes off as gas at the top of the rectifying 
column, and pure oxygen at the bottom. 

Properties of Refrigerants. The chief desirable properties of an 
ideal refrigerant are as follows— 

1. High critical point compared with the condenser temperature 
and pressure. If the condenser temperature is too near the critical 
temperature the coefficient of performance will be low. 

2. Low freezing point. The freezing point of the refrigerant 
should be below that of any temperature produced in the process. 

3. Suitable condensing and evaporating pressures. The con¬ 
densing pressure should be as low as possible to keep the necessary 
strength and therefore the weight of the machine as low as prac¬ 
ticable. The evaporating pressure should be above atmosphere to 
avoid leakage of air into the system. The compression ratio should 
be as small as possible (see p. 548). 

4. High latent heat of evaporation. This reduces the weight of 
refrigerant required. 

5. Low specific volume. This tends to make machines smaller. 

6. High coefficient of performance. Practical coefficients are given 
in Table XXV. The Carnot coefficient for the temperatures 5° and 
86° F. is 5-74. 

7. Inertness, stability, and non-corrosiveness. 

8. High thermal conductivity. This increases the efficiencies of 
the condensers and evaporators. 

9. Non-toxic and non-explosive properties. 

10. Leaks easily detectable. 

11. Low cost. 

A list of refrigerants with useful data is given in Table XXV* 
and the following general remarks may be added— 

Ethane, Ethylene and Propane with their low boiling points are 
suitable for obtaining low temperatures by the Cascade method. 

* Extracted from the Thomas Hawksley lecture “Recent Developments in 
Refrigeration,” by Lord Dudley Gordon, Proc. Inst, of Mech. Eng., 1943, 
Vol. 149, p. 49. 



TABLE XXV 

Properties of Refrigerants 






II 

o M 
2 S5 

S 5 


S s 


PS 

o 

f=4 


6 

ojari 


3 o 

aS J? 

^ w 


a ft, 

°,_3 

£""*0 


a a> M 
a> 'O —* 

ssg 

l« Q 


:j22i 


26 - 

g*® 

O 73 
00 "3 


O 


i & 


fx? 


a k 


a w 

2 o 


W 

o 


It 

o 


2 • 

S. 

a 

a- . 

H 


«?^3 
O ^3 

S£ 


£.» 

O Cu 

g&ss 


^CsJ & 

g&3 


£& 
03 . 

a 


«o ^ 


a>£ 

Is 


?»£ 


<U ‘^J 

w5 

jS« 


Coefficient of Perfor- 





REFRIGERATION 593 

S0 2 has low vapour pressures, and fairly large latent heats. It 
is highly toxic, and is corrosive in contact with moisture. 

NH 3 has fairly low vapour pressures, and high latent heat. It is 
toxic and attacks non-ferrous metals. It is in large supply. 

C0 2 has high vapour pressures, but low volume. Hence machines 
are smaller. It has a low critical temperature. It is non-toxic but 
will suffocate in high concentration. 

CH 3 C1 while being thermodynamically suitable can be inflammable, 
and causes illness in concentration. 

The Freons have low vapour pressures and FI2 has a small 
specific volume. They have small latent heats. They are odourless 
and colourless and non-toxic. They arc comparatively costly. 

C 2 H 2 C1 2 has a large specific volume for a given heat-carrying 
capacity and its use is therefore chiefly confined to plants with 
centrifugal compressors. 

H 2 0 can be used for heat pump purposes at temperatures around 
212° F. Below this temperature the specific volumes are so big as 
to make the machine bulky. It is therefore confined to centrifugal 
plants, or to the use of steam jets. 

Typical values of the properties of carbon dioxide, ammonia and 
methyl chloride are given in Tables XXVI, XXVII and XXVIII.* 

Reversed Heat Engine as a Warming Machine. f Lord Kelvin, 
in 1852, made the suggestion that the reversed heat engine cycle 


TABLE XXVI 

Properties of Carbonic Acid (CO*) 


Temp. 
t° C. 

Pres¬ 
sure in 
lb. per 
sq. in. 

V 

Volume 
of liquid 
in 

cu, ft. 
per lb. 

Volume 
of satu’d 
vapour 
in cu.ft. 
per lb. 

Heat of 
liquid 
in lb. 
calorics 
C.1I.U. 
per lb. 
h 

Latent 
lleat of 
satu’d 
vapour 
C.H.U. 
per lb. 

L 

Total 
Heat 
C.H.U. 
per lb. 

11 

Entropy (<£) 

Specific Heat 
at Constant 
Pressure 

Liquid 

Vapour 

Vapour 

Liquid 

-15° 

331 

0-0159 

^ 0-258 

-8-7 

63-5 

54-8 

-0-032 

0-214 



-10° 

383 

0-0163 

0-220 

- 5-9 

60-6 

54-7 

-0-021 

0-209 

0-33 

0-58 

- 5° 

441 

0*0168 

0-188 

-30 

57-5 

54-5 

-0-011 

0-204 

— 

— 

0° 

505 

0-0173 

0-161 

0 

54-1 

54-1 

0 

0-198 

0-40 

0-63 

5° 

576 

0*0180 

0-137 

31 

50-4 

53-5 

0-011 

0-192 

— 

— 

10° 

653 

0-0187 

0-117 

6-5 

46*2 

52-7 

0-022 

0-185 

0-54 

0-74 

15° 

737 

0 0196 

0-099 

10-0 

41-4 

51-4 

0-034 

0-178 

— 

— 

20° 

829 

0-0208 

0-083 

13-9 

35-7 

49-6 

0-047 

0-169 

0-92 

0-99 

30° 

1,037 

0-0264 

0-048 

24-5 

15-4 

39-9 

0-081 

0-132 

6-83 

— 

Critical 

v -- 

- 








Point 










' 31-5° 

1,071 

1 0-0344 

31-4 

0 

31-4 

0-103 

0-103 

Inf. 

— 


* Table XXVI is abridged from results by Professor H. L. Callendar. Most 
of tho data in Table XXVII are from Dr. Mollier. Table XXVIII is extracted 
from Refrigeration Theory and Applications by H. G. Venemann (Nickerson and 
Collins). This book includes extensive details of properties of refrigerants. 
See also “Report of Subcommittee appointed to report on tho accuracy of 
tho Refrigeration Research Committee's Charts,” Proc. Inst. Mech. Eng., 
1940, Vol. 143, p. 261. 

f Collected Papers , Vol. I, p. 616 ; or Proc. of the Phil . Soc. of Glasgow, 
Vol. Ill, p. 269. 
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TABLE XXVII 
Properties of Ammonia (NH s ) 


Temp. 

t’C. 

Pressure In 
lb. per 
sq. in. 

V 

Volume of 
saturated 
vapour in 
cu. ft. 
per lb. 

lleat of 
liquid in 
lb. calories 
C.H.U 
per lb. 

h 

Latent 
Heat of 
saturated 
vapour in 
C.H.U. 
per lb. 

L 

Total 
Heat, lb. 
calories 
C.H.U. 
per lb. 

n 

Entropy ((f)) 

Liquid 

Vapour 

10* 

41*6 

6-8 

-8 

322 

314 

-0-033 

1-193 

5* 

51 

5-6 

-45 

3195 

315 

-0-017 

1-176 

0 # 

61 

4*7 

0 

316 

316 

0 

1-158 

6* 

74-5 

4-0 

45 

312-5 

317 

0-017 

1*141 

10* 

89 

3-3 

9-2 

308-6 

317-8 

0-033 

1-123 

15* 

106 

2-7 

14 

304 

318 

0-050 

1-107 

20* 

125 

2-3 

18-6 

300 

318-6 

0-066 

1-089 

30° 

170 

1-7 

28-2 

290 

318-2 

0-098 

1-055 


TABLE XXVIII 

Properties of Methyl Chloride (CH 3 C1) 


Temp. 

°F. 

Pressure in 
lb. per sq. in. abs. 

Volume in 
cu. ft. per lb. 

Total Heat 
B.Th.U. per lb. 

Entropy 
from - 40° F. 



Liquid 

Vapour 

Liquid 

Vapour 

Liquid 

Vapour 

- 80 

1-953 

001493 

41-08 

- 13-888 

184-75 

- 0-0351 

0-4882 

- 40 

6-878 

0 01553 

12-72 

0 

190-66 

0 

0-4544 

- 20 

11-71 

001583 

7-761 

7-146 

193-49 

0-0166 

0-4405 

0 

18-9 

001613 

4-969 

14-39 

196-23 

00327 

0-4284 

4 

20-68 

0-01619 

4-568 

15-85 

196-78 

0-0359 

0-4262 

6 

2115 

0 01622 

4-471 

16-21 

196-92 

00367 

0-4257 

20 

2916 

0 01647 

3-312 

21-73 

198-84 

00484 

0-4177 

40 

43-25 

0 01684 

2-286 

29-17 

20117 

00636 

0-4079 

60 1 

62-0 

0 01724 

1 624 

36-71 

203-33 

0-0784 

0-3991 

68 

71-01 

00174 

1-427 

39-76 

204-15 

00842 

0-3958 

70 

73 41 

0 01744 

1-382 

40-52 

204-34 

0 0856 

0 3950 

90 

100-6 

0-01786 

1-018 

48-21 

206-13 

0-0998 

03872 

110 

134-6 

0-01833 

0-7672 

56-0 1 

207-7 

0-1138 

0-3801 

140 

199-6 

001915 

0-5189 

67-87 

209-58 

0 1341 

: 

0-3705 


might be used to keep a room warm. A machine of the Bell- 
Coleman type might take in air from the atmosphere at a low 
temperature, expand it to a lower temperature and pressure, and 
allow the temperature to rise again by conduction from the external 
air, after which it would be compressed to atmospheric pressure, 
and its temperature thereby raised above that of its surroundings. 
The heated air might then be discharged into the room to be 
warmed. In this way a reversed heat engine might take heat Q 2 
from the atmosphere at a low temperature T 2 , and by means of 
expenditure of work W for expansion and compression, deliver to 
the room heat Q x at a slightly higher temperature T x . If the 
machine were reversible, 


Q. 

Qt 



and 


Qi _ Qi T i 
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Qi 


w 


Tr 

T 1 -T 2 


The Heat Pump. The idea of using a heat pump for space heating 
did not lead to any practical application in this country until 
T. G. N. Haldane reviewed it in 1929.* In more recent years a long 
term experiment has been carried out on a large scale at Norwichf 
using the vapour compression process, for heating a large block of 
buildings. The essential parts of the plant are illustrated in Fig. 236. 

The vaporized refrigerant leaving the compressor C at a high 
pressure and temperature, in passing through the condenser B gives 



Fig. 236. Essential Elements of a Heat Pump Installation 


out heat to the water circulating through the radiators in the building 
to be heated. In leaving the condenser, the condensed refrigerant 
is expanded to a low temperature and pressure through the expansion 
valve D. The liquid thus formed, in passing through the evaporator 
A absorbs heat from the circulating river water, and is thus vapor¬ 
ized at low temperature and pressure, in which state it is drawn 
into the compressor. The choice of refrigerant was largely governed 
by mechanical considerations and availability at the time, sulphur 
dioxide being used. 

In order to assess the value of the heat pump as a means of 
providing heat at a higher temperature than that available from 
existing sources, we may use the expression 

Heat delivered at the higher temperature 
Work done in compression 

* “The Hoat Pump” by T. G. N. Haldane, Journal l.E.E ., 1930, Vol. 65, 

p. 666. 

| “The Norwich Heat Pump” by J. A. Sumner, Proc. Inst. Mech. Eng. t 
1918, Vol. 168, p. 22. 

30—(T.5434) 
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In the ideal case if Q 2 — heat absorbed by the refrigerant in the 
evaporator and Qi = heat rejected by the refrigerant in the 
condenser, then— 

Heat delivered _ __ T x 

Work done Q t — Q 2 1\ ~ T 2 

where T t and T 2 are the saturation temperatures corresponding to 
the pressures in the condenser and evaporator respectively. 

T ~T 

This is the reciprocal of the ideal efficiency —— 2 of a heat 

1 1 

engine working between the same two temperatures. Mr. Sumner 
has therefore suggested that the term as applied to a heat pump 



should be called the “reciprocal thermal efficiency.” Professor 
S. J. Davies suggests the term “performance energy ratio.” 

Example 9. A heat pump operates between the pressures of 120 and 172 lb. 
per sq. in. abs. The refrigerant has the properties given below reckoned 
from — 40 J F. It enters the compressor as slightly wet vapour at the lower 
pressure, and is compressed to tho higher pressure and a temperature of 100° F., 
the compression being assumed as isentropic. The superheated vapour is then 
cooled and condensed at the higher pressure to liquid without undercooling. 
This liquid is then expanded through a throttle valve to the lower pressure, 
at which pressure it is evaporated to its original slightly wet condition. 

Sketch the cycle on a temperature-entropy diagram and on a pressure-total 
heat diagram. 

How much heat is delivered per JT.P. minute? 

Assume that the specific heat of the superhoated ammonia vapour is 
0*7 B.Th.U. per lb. per degree F. 


Pressure 
lb. per 
sq. in. abs. 

i 

Tftmn Liquid Heat 

.■£ p ' ! B.Th.U. 

per lb. 

Latent Heat 
B.Th.U. 
per lb. 

Ent 

Liquid 

ropy 

Vapour 

172 

87 

140-1 

491-6 

0-2896 

1-1889 

120 

66 

116 

612-4 

0-2461 

1-2201 


The cycle is shown as ABODE A in Figs. 237 and 238. 

It should be noted that the statement that the properties of the 
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refrigerant are reckoned from — 40° F. means that the liquid heat 
and entropy are taken as zero at — 40° F. 

T 

= C v Jog* ^ = 0-7 X 2-3 X log 10 — = 0-0164 

</> A = <f> B = 4> c 4- 0-0164 = 1-1889 4- 0-0164 = 1-2053 

Dryness fraction at A 

= x = = 1-2053-02451 

A <f> K -<j> F 1-2201-0-2451 

II B - II v = C v (T n -T c ) = 0-7(560 - 547 ) = 9-1 B.Th.U. per lb. 
IIj, = II C + 9-1 = 631-7 -|- 9-1 = 640-8 B.Th.U. per lb. 

Heat delivered 

= II u - II D = 640-8 - 140-1 = 500-7 B.Th.U. per lb. 
II A = h, 4- x a L = 116 4- 0-985 X 512-4 
= 620-7 B.Th.U. per lb. 

Work done 

= II„ - II A = 640-8 - 620-7 = 20-1 B.Th.U. per lb. 

1 H.P. minute 


33,000 

778 


42-4 B.Th.U. 


Heat delivered per H.P. minute 

= 500-7 X = 1,056 B.Th.U. 


Note. 
500-7 __ 

20.T “ 


The value of the ratio deliv ered ^ this cycle is 


Work done 


24-9. 


The value of the same expression for the reversed Carnot cycle 

between the same pressure limits is „ T 

11 


T r 


547 


= 26. 


T A 547 - 526 
The Air Cycle Heat Pump. The cycle as a closed circuit may be 
considered as the reverso of the Joule air cycle, as illustrated in 
Figs. 206 and 207. The necessary plant (Fig. 239) consists of a com¬ 
pressor cylinder 6\ an expansion cylinder E and a motor M, together 
with two heat exchangers X and Y . The function of the motor is to 
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supply the difference between the work required to drive the com¬ 
pressor and the work returned by the expansion cylinder. 

Referring to Figs. 206 and 207 where the temperatures are shown 
with corresponding lettering, the air leaving the compressor at an 
absolute temperature T D passes through the heat exchanger X , 
giving up heat to the room. The air therefore enters the expansion 
cylinder at some temperature T A less than T D . In the expansion 
cylinder the air does work and is lowered in temperature to T B . It 
now passes through the heat exchanger Y and is warmed to T c by 

Room 



Atmosphere 

Fig. 239. Closed Circuit Am Cycle 


the surrounding atmosphere, at which temperature it enters the 
compressor. 

The heating load rejected to the room 

= C p (T d — T A ) per lb. of air = Q x 
Heat taken in from the atmosphere 

= C p (T c — T b ) per lb. of air = Q 2 
Work required from the motor 

= Qi - Qz = C p {(T d - T A ) - [T 0 - T b )} 


The criterion of performance of the machine as a heat pump, 

namely ? ^I° a( ^ — has been mentioned in the last 

Work done by motor 

paragraph. Mr. T. F. Thomas who discusses the air cycle heat pump 
in a paper to the Institution of Mechanical Engineers* calls this 
ratio the Performance Ratio. Thus 


Performance Ratio as a heat pump 

_ Qi = w + q 2 _ Q, 

w w ~~^w 


= 1 + Coefficient of Performance as a refrigerator 

* “The Air Cycle Heat Pump” by T. F. Thomas, Proc. Inst. Mech. Eng., 
1948, Yob 168, p. 30. 
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From the equations given above the performance ratio can be 
expressed in terms of temperatures. 

Qi Qi _ Tj) — t a _ 

Thus W = “ (T n - - (T c - T B ) 

In a similar manner to that on page 552, this can be shown to be 




Fia. 241. Open Circuit Chart 


delivered is not transferred direct to the room to be heated, but is 
transmitted via a heat exchanger to a current of air produced by a 

fan from the atmosphere. _ 

The air thus transmitted is raised in temperature from 1 ^ to l 
The T-<f> diagram assuming isentropic compression and expansion, 
and heat exchanges at constant pressure is shown in Fig. 241. In 
practice the compression and expansion lines are not vertical but 
are at a slope indicating increase of entropy due to internal friction, 
as the compression or expansion proceeds. This has already been 
discussed on pages 163 and 170. The heat transfer lines are also not 
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exactly along the constant pressure lines owing to the pressure drop 
during heat transfer. 

Referring to the ideal diagram (Fig. 241) it will be seen that 


Heating load = C P (T D — T 3 ) per lb. 

Work by motor = Compressor work — expansion work 

Heating load _ T B — I\ 

Motor work = (T x ~ r I\) - (T 2 - 1 


Performance Ratio 


Mr. Thomas points out that this circuit, in addition to heating, 

/VC p 

h® |l ; , 3 01,^0 \‘, 



Immersion 
Heater 

Compressor Condenser Evaporator 

Fig. 242. Arrangement for Refrigerator Test 


provides also a ventilating effect. To assess this he proposes a ratio 

Rate of heating fresh air . . 

^—■:-.■—=— /—«-r- = Fresh air heating ratio 

Heat equivalent ol work 

This value of this ratio from Fig. 241 is - - —m v 

Test on a Vapour Compression Refrigerating Plant. The general 
arrangement of the plant using methyl chloride (CH 3 C1) is shown 
in Fig. 242 where jp indicates a pressure gauge and t a thermometer. 

The compressor was driven by an electric motor, the input to the 
motor being measured by a watt meter. The evaporator took the 
form of a brine bath, which was continuously stirred by an electric 
motor. Situated in the bottom of the evaporator were three electric 
immersion heaters connected with a selector switch, and a variable 
resistance. A watt meter measured the electric input to the immer¬ 
sion heaters. The evaporator was carefully lagged, as well as the 
appropriate connecting pipes. The cooling water supplied to the 
condenser was measured by weighing. The compressor was air¬ 
cooled and, as it was not indicated, a value of 70 per cent was assumed 
for its mechanical efficiency. 

In a test the compressor was started, and as the brine became 
cooler, the power to the immersion heaters was adjusted to keep 
the temperature t s of the brine constant at some required value. 
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When all the temperatures and pressures had settled down to 
constant values, readings were taken as shown below. 

Room temperature 60*5° F. Barometer reading 15 lb. per 
sq. in. abs. 


Refrigerant Temperatures and Pressures 



Point 

Temp. (° F.) 

Pressure (lb. per sq. in.) 

Out of condenser 

1 

: 

59 

gauge 

56 

Absolute 

71 

Into evaporator 

2 

4 

7 

22 

Out of evaporator 

3 

33 j 


— 

Into compressor 

4 

48 

6 

21 

Out of compressor 

1 5 

j 

170-5 

57 

72 


Cooling water—Inlet temperature / 6 = 50° F. 

Outlet temperature t 1 = 5(3-8° F. 

Flow measurement w w = 12 lb. per min. 
Compressor motor input — 575 watts 

Immersion heater input -= 1,200 watts 

Brine bath temperature (constant) ~ t s — 30° F. 

Mechanical efficiency of compressor (assumed) = 70 per cent 
Compressor motor efficiency -- 70 per cent 

It will be noticed that there is a drop of pressure of 1 lb. per sq. in. 
between the inlet and outlet of the condenser, and a similar drop 
between the inlet to the evaporator and the inlet to the compressor. 
These pressure drops have been ignored in this test, and pressures 
of 72 and 21 lb. per sq. in. abs. have been taken as the condensing 
and evaporation pressures respectively. 

By comparing the temperatures of points 3 and 4 with the 
saturation temperature for a pressure of 21 lb. per sq. in., it will be 
seen that the conditions for these points are in the superheated 
region. The same applies to point 5 for the pressure of 72 lb. per 
sq. in. The details given in Table XXVIII are therefore not sufficient, 
as this table does not include the superheated region. These details 
are best obtained from a p-II chart such as that illustrated in Fig. 
243.* By means of tracing paper, the complete cycle may be plotted 
from such a chart as shown in Fig. 244 and as described below. 

(a) Condensation and Evaporation Lines. These can be drawn in 
for the two pressures of 72 and 21 lb. per sq. in. The pertinent parts 
of the saturated vapour and liquid lines can also be drawn. 

* Extracted from Refrigeration Theory and Applications by Venomann 
(Nickerson and Collins). 





602 


APPLIED THERMODYNAMICS 


(6) Ideal Cycle ivith Isentropic Compression. Point 1 (t x — 59° F.) 
can be located by the intersection of the 59° F. temperature line 
with the 72 lb. per sq. in. pressure line. The position of this point 
indicates that the refrigerant is cooled in the condenser, below th© 
saturation temperature corresponding to 72 lb. per sq. in. A 
vertical line drawn downwards from point 1 represents throttling 
at constant total heat through the expansion valve, and hence point 
2 on the lower pressure line is located. 

The points 3 and 4 can be located from the temperatures 33° and 
48° at 21 lb. per sq. in. given in the experimental data. The positions 
of these points indicate that the refrigerant is superheated on leaving 
the evaporator (point 3), while as it is still at a temperature below 
that of the room, it becomes slightly more superheated in its passage 
to the compressor inlet (point 4). 

If the compression were truly isentropic, the constant entropy 
line through point 4 would represent the compression and the re¬ 
frigerant would be in the state at point 5' on leaving the compressor. 
The cycle would then be 1245'L 

(c) Actual Cycle. The actual conditions at exit from the com¬ 
pressor are represented by point 5 which can be plotted from the 
experimental data t 5 — 170*5° F. and p 5 — 72 lb. per sq. in. abs. 
The conditions at entry to the condenser are taken at the same values, 
as the pipe line between is very short. 

From the various points now located the values of total heat 
may be read off the p-H chart (Fig. 243) and these have been 
transferred to Fig. 244. 

( d ) Work done with Isentropic Compression. This is measured by 

H h > - = 232*3 - 205 = 27*3 B.Th.U. per lb. 

(e) Weight of Refrigerant Used. Let w w = weight of cooling water 
passing through the condenser per min. Heat carried away by 
cooling water = w w (t 7 —• t 6 ) = 12(56*8 — 50) — 81*6 B.Th.U. per 
min. 

From the p-H chart— 

Heat rejected by refrigerant in the condenser = II 6 — II\ 
= 227 - 35*5 - 191*5 B.Th.U. per lb. 

Assuming a perfect condenser— 

81*6 

Weight of refrigerant used = —— = 0*426 lb. per min. 

191*5 

(/) Actual Work of Compression. Measured input to motor 

= 575 watts 


Indicated work in compressor 

= Compressor mechanical efficiency X motor efficiency x 575 
= 0*7 x 0*7 x 575 watts 


0*49 x 575 X 44*23 


B.Th.U. per min. 


778 
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0-49 X 575 X 44-23 
778 X 0-426 


= 37-5 B.Th.U. per lb. refrigerant. 


(g) Heat Loss fromi Compressor. By taking a horizontal distance 
equivalent to 37-5 B.Th.U. from the point 4 (Fig. 244), we obtain 
the point A of total heat value 

H a = 205 + 37-5 = 242-5 B.Th.U. per lb. 

This point A would represent the state of the refrigerant if there were 
no heat loss from the compressor during compression. 

The actual loss from the compressor and the line up to point 5 
is given by 


II A - H h - 242-5 - 227 - 15-5 B.Th.U. per lb. 

(h) Heat Absorbed in Line from Evaporator to Compressor . As the 
temperatures of points 3 and 4 are below the room temperature 
some heat will be absorbed by the refrigerant in the line between 
these points from the atmosphere, and heat absorbed = 205 — 202-5 
= 2-5 B.Th.U. per lb. 

(i) Heat Removed in Condenser. This is measured by H 5 ~ H 1 
= 227 - 35-5 = 191-5 B.Th.U. per lb. 

( j) Actual Refrigerating Effect. This is equal to the heat supplied 
to the brine by the immersion heaters which is 1,200 watts for a 
flow of 0-426 lb. per minute. Actual refrigerating effect 


1,200 44-23 

778 


B.Th.U. per min. 


1,200 x 44-23 
778 X 0-426 


160 B.Th.U. per lb. 


(k) Actual Coefficient of Performance. This is given by 


Actual refrigerating effect 160 

Actual work done 37-5 


= 4-26 


(/) Refrigerating Effect with Isentropic Compression. This from the 


p-H chart - H 2 - II 2 - 202-5 - 35-5 - 167 B.Th.U. per lb. 
(m) Coefficient of Performance with Isentropic Compression. 

from the p-H chart = ^ 2 


This 


// 6 ' - II 4 27-3 


6-12 


(n) Isentropic Efficiency of Compression. 
defined as the ratio— 


This quantity may be 


Work done in isentropic compression 27-3 

Actual work done 37*5 


- 0-728 


(o) Evaporator Efficiency. This may be defined as 
Actual refrigerating effect 160 

Ref. effect from p-H chart 167 





osz 
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(%>) Heat Balance.(B.Th.U. per lb. of refrigerant) 


i 

In 

Out 

Heat absorbed in evaporator. . j 

160 


Heat equivalent of compressor work 

37*5 


Heat absorbed in lino to compressor 

2*5 


Heat rejected to condenser 


191*5 

Heat lost from compressor 


15*5 

Heat unaccounted for . 

7*0 



207*0 

207*0 


EXAMPLES XV 

1. An ammonia compression refrigerating machine has to do an amount of 
refrigeration equal to the production of 25 tons of ico per 24 hours from and 
at 32° F. If the temperature limits in the compressor are 75° F. and - 5° F., 
calculate the horse-powor of the compressor (a) on the assumption that the 
cycle is a perfect one, and ( b ) if the actual performance is 60 per cent of the 
ideal. The latent heat of ice, 142 B.Th.U. per lb. ( U.L ., B.Sc. (Eng.).) 

2. Find the horse-power of a perfect reversed heat ongino that will make 
900 lb. of ice per hour at 27° F. from water at 60° F. What amount of heat 
must be extracted per pound of ice ? Given the specific heat of ice, 0*6 ; and 
the latent heat 142 B.Th.U. per lb. 

3. In a Bell-Coleman refrigerating machine the air is drawn in from the 
cold chamber at 23° F. and atmospheric pressure of 15 lb. per sq. in. (abs.), and, 
after adiabatic compression to 60 lb. per sq. in. (gauge), the air, at this constant 
pressure, is cooled to 60° F. Then the air is expandod adiabatically to 
atmospheric pressure and discharged to the cold cham!>er. What is (a) the 
net amount of work expended per pound of air ; ( b ) the heat extracted from 
the cold chamber ; and (c) the coefficient of performance ? C v — 0*238 for air. 

4. In an open cycle air type of refrigerating machine circulating 1,6001b. 

of air per hour, air is drawn from a cold chamber at a temperature of 10° C. 
(60° F.), and compressed adiabatically to 67 lb. (abs.). It is afterwards cooled 
at this pressure to 25° C., the temperature of the condenser, and then expanded 
adiabatically to atmospheric pressure and returned to the cold chaml>er. 
Find the number of units of heat (a) extracted per hour from the cold chamber, 
and (6) the heat rejected. If the indicated horse-power of the compressor is 
25*0, find (c)the coefficient of performance of the machine. The specific heat 
of air may bo taken as 0*241, and the law of expansion and compression as 
pyi*« = constant. ( U.L. , B.Sc. (Eng.).) 

6. The temperature range in an ammonia plant is from 20° C. to - 10° C. 
Find the coefficient of performance (a) for the corresponding reversed Carnot 
cycle, and also (6) for the ammonia plant if, after compression, the ammonia 
gas is 0*96 dry. (c) What improvement in the coefficient of performance 
would be obtained if the plant were so managed that the temperature of the 
gas after compression were 36° C., the prossuro range remaining as before ? 

The values of the entropy for the liquid and dry vapour at 20® C. are 0*066 
and 1-089 ; and at - 10° C. they are - 0*033 and 1*193 respectively ; and the 
specific heat of the vapour is 0*608. ( U.L., B.So. ( Eng.) t 1926.) 
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6. A heat pump works between the pressures of 73-5 and 100-5 lb. per 
sq. in. absolute. The working substance enters the compressor as slightly 
wet vapour, and is compressed adiabatieally to the higher pressure and a 
temperature of 100 u F. The superhoated vapour is then cooled and condensed 
at the higher pressure to liquid without undercooling. The liquid is then 
expanded to the lower pressure, at which it is evaporated to its slightly wet 
condition. 

Sketch tho cycle on a free-hand temperature-entropy diagram and on a 
pressure-total heat diagram. 

What is tho amount of heat delivered per H.P. minute 

(а) if the expansion is through a throttle valve, 

(б) if tho expansion is done in an expansion cylinder? 

Assume the specific heat of the vapour is 0*25 B.Th.U. per lb. per degree F., 
and use the tablo of properties below. 


Pressure 

Sat. 

Total Heat 

Entropy 

lb. per 

Tomp. 

Liquid 

Vapour 

Liquid 

Vapour 

sq. in. abs. 

° F. 

B.Th.U. per lb. 



73-5 

70 

40-52 

204-34 

0-0856 

0-3950 

100-5 

90 

48-21 

206-13 

0-0998 

0-3872 


(U. Nottm ., B.Sc. (Eng.).) 



CHAPTER XVI 

HEAT TRANSFER 


Heat can be transferred in three waj's: (a) by radiation, (b) by 
conduction, (c) by convection. The most obvious example of radia¬ 
tion is that from the sun. This radiant energy consists of electro¬ 
magnetic waves which differ in wave-length, varying from the short 
ultra-violet waves, through light waves, to the long heat waves and 
wireless waves. 

Radiation. In the elementary molecular theory, all matter is 
assumed to be made up of molecules which are in a state of vibration, 
depending on the temperature. These vibrations will set up radiant 
heat motions from a hot body, which become apparent when they 
encounter a cooler body whose molecules, if their period of vibration 
is suitable, will have their vibrations increased, the cooler body thus 
absorbing heat and rising in temperature. Any heat energy not 
absorbed will be reflected, or transmitted through the material of 
the body. 

Different substances vary in their radiating and absorbing 
properties, and as a standard the term “black body” is adopted. This 
is defined as opaque and lion-reflective and therefore absorbs all 
incident radiation. No perfectly black body exists, but an example 
of a nearly black body is lamp black. It must be remembered that a 
substance can absorb nearly all the incident thermal radiation 
without absorbing all light rays, and therefore may not be black to 
the eye. 

Absorptivity, A, is defined as the fraction of the radiant energy 
incident on the surface of a body which is absorbed by that body. 
Hence the absorptivity of a black body is unity. 

Emissive power, E , is defined as the total radiant energy emitted 
per unit time, per unit area, of radiating surface. 

Emissivity, X, is defined as the ratio of the total emissive power 
of a body to the total emissive power of a black body at the same 
temperature. 

The heat emitted per unit time, per unit area by a black body 
is given by the expression Q = a T 4 (abs.) where a is the Stefan- 
Boltzmann constant and is equal to 5-71 x 10~ 6 ergs per sq. cm., 
per sec., per (° C.) 4 . 

To convert to British units, as 1 erg. equals 0-7372 X 10~ 7 ft-lb., 
the conversion factor is 


0.7372 x 10 
778 " 


30-48 2 x 3,600 
/ 9 \ 4 


3021 x 10- 


008 
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Hence a = 5-71 x 10* 5 x 3 021 x 10~ 5 

= 17*25 X 10 -10 B.Th.U. per sq. ft. per hour, per (° F.) 4 
and Q = 17*25 X 10~ 10 T 4 B.Th.U. per sq. ft., per hour. 

Thus for a body of cmissivity S, at a temperature T x abs. with 
surroundings at a temperature T 2 abs., the heat emitted 

() = SX 17*25 x lO- 10 ^ 4 - r 2 4 ) B.Th.U. per sq. ft. 
per hour. 


Kirchhoff has shown that for two bodies the ratio of the emissive 
power to the absorptivity is the same. Thus if the suffixes 1 and 0 
refer to any given body and the black body respectively then 


E, 

A 


£. 

^0 


where A 0 for a black body is unity 


Hence A x - 


Ey 

En 


Si by definition, and thus it follows that the 


cmissivity and the absorbity of a body have the same value. 

The Law of Conduction. The thermal conductivity of a material 
may be defined as the quantity of heat passing per unit time between 
the opposite faces of a unit cube of the material, when unit tem¬ 
perature is maintained between the surfaces. 

The quantity of heat Q passing per unit time is therefore 
proportional to 

(i) The conductivity K of the material. 

(ii) The area A of the material surface normal to the heat flow. 

(iii) The reciprocal of the thickness x between the two surfaces. 

(iv) The temperature difference T 1 — T 2 between the surfaces. 


Thus Q m 


Q 


KA{1\ - r 2 ) 


(IT 


or for an elemental thickness clx 


KA * — the minus sign signifying that T decreases as 


x increases. 

(Ax 

As K ---= -- r the conductivity can be expressed in 
A(1 1 A 2 ) 

British units as B.Th.U. per hour, }>er sq. ft. area, per ft. tliickness, 
per ° F. or B.Th.U. per hour, per foot, per ° F. 

The value of K depends on the temperature, and Table XXIX 
gives some approximate values, in the units given above, for ordinary 
temperatures. 

Radial Flow of Heat through a Thick Hollow Cylinder 

Let l = length of cylinder 

R x and R 2 — internal and external radii of cylinder 
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T x and T 2 — temperatures of internal and external faces of 
cylinder, T x being the higher 

K = conductivity of material 
Q — heat flow per unit time 


TABLE XXIX* 


Material 


Wrought Iron 
Steel (0-5-1-5 C.) 
Copper 
Brass . 

Cork 
Asbestos 
Water . 

Air 


Conductivity 


35 

20-30 
223 
00 
0-025 
009-0-13 
0-3 -0-4 
0-015 


Consider the passage of heat through an elemental shell of thick¬ 
ness dr (Fig. 245). 



Fig. 245. Thick Cylinder 


IT rlr 

Then Q = - K2vrl =£■ or Q - = - K2MT 

dr r 

J 'Rtdr rT, P 

— = — K2nl dToxQ log, ^ = K 2 nl(T l - T 2 ) 
n, r Jr, 

n _ K2ttI(T 1 — T z ) 

lo& s; 

* For more detailed values see Introduction to the Trantfer of Heat and Mass, 
E. R. G. Eckert (McGraw Hill). 
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If the radial flow is expressed in terms of the same flow through 
an equivalent plate of thickness R 2 ~ R v for which the area is A e 
then 


i.e. 


Q - 


A e 


2nKl(T 1 -T t ) _KA e (T 1 ~T t 


1 ^2 
log -5; 


R t — R 1 


R* — R\ 


!og« 


Rz 

Ri 


2nl 


, 

The expression ——~ is called the Logarithmic mean radius . 


Radial Heat Flow through a Thick Spherical Shell 

Let R x and R 2 be the internal and external radii of the shell. 

T x and T 2 be the temperature of the inside and outside sur¬ 
faces, the temperature r l\ being the greater. 

Consider the heat flow outwards through an elemental thin shell 
of radius r and thickness dr. 


Then 

Hence 


Q = - K4irr-~ or Q% - - K4tt<IT 
dr r 2 




and 


^ 4ttKR 1 R 2 {T 1 ~ T t ) 

q ™- \ 2 —h- 2 per um t time 

K 2 xij 


Lagging of a Hot Pipe. In order to determine the heat lost from 
the surface of the lagging of say a steam pipe to the surrounding air, 
it is necessary to know some property of the lagging material which 
measures heat lost from its surface. This may be defined as the heat 
lost by radiation, conduction and convection from unit area of the 
lagging surface, per unit time, per unit difference of temperature 
between the suface and the surrounding air. It will be represented 
by the letter e. This coefficient is sometimes wrongly called “emis- 
sivity,” which should only be used in connection with radiation. 
In the case under consideration a large proportion of the heat lost 
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is due to convection, that is by the bodily carrying away of heat by 
the moving particles of air. 

In Fig. 245 let 

R x — radius of the outside of the steam pipe at a temperature T x 
R 2 — radius of the outside of the lagging at a temperature 1\ 

K — conductivity of the lagging 


T a 

Qi 

Q 


Then 


= as defined above 
= air temperature 

= heat lost per unit time, per unit area of pipe surface 
= heat lost through lagging per unit time. 

O _ = K2nHT % - T 2 ) _ K(T l ~ T 2 ) 

Vl ' 2 t tRJ , Ro^ 7>1 R« 

l°g«p-(2 Trlljl) Ry log, -s- 

It i "“1 


and 


T 2 = 1\ 


Qi 


^log. 


R, 

X 


By the definition of e— 

✓ i Q b2ttRJ,(T 2 T a ) Xt'l' T \ 

Vl 2 nRyl ' 2 nRyl ' Ry 2 a) 


or 


T 2 = T a + ^ 


Qi 


Hence 
and Q x 


e R 2 

T l? 1 ^2 __ m . Ql -®1 

ly-^Rylog, -~-.7 a + -- 

Ty-T a 




Example 1. A pipe carrying wet steam at 200 lb. per sq. in. abs. has an 
external radius of 3 in. It is lagged to a radius of 6 in. with asbestos of con¬ 
ductivity 0-04 B.Th.U. per ft. 3 of surface, per ft. thickness, per hour per ° F. 

The surrounding air is at 70° F. and the loss from the lagging surface is 
1*8 B.Th.U. per ft. 2 of surface, per hour, per ° F. difference of temperature 
between lagging surface and air. 

Find the loss in B.Th.U. per hour, per 100 ft. length of pipe. If you use a 
formula, prove it. 


Heat lost per sq. ft. of pipe surface per hour 





(V.L., B.Sc. (Eng.).) 
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From the steam tables for 200 lb. per sq. in. abs. T t = 382° F. 

382 - 70 


Qi 


0-25 ( 1 2-31og 10 2\ 

025 (hTxO- 5 + 004 j 


= 67*7 B.Th.U. per sq. ft., per hour 
Heat lost from pipe = 67-7 X 2 x 3-14 x 0-25 X 100 
= 10,630 B.Th.U. per hour. 

Series of Conductors 

(a) Equal Areas . Consider a series of conductors as shown in 
Fig. 246 having equal areas normal to the heat flow, but having 


Heat* 

Flow 

Area A 



—x 2 -~f+-x 3 

' c 

■( 1 

2 ; 

^ ; 

* ; 

, K - 1 

, Ki , 

■ 


a b 

Fia. 246. Series of Conductors 


different thickness x and different conductivities K. If the surfaces 
a and b were in perfect thermal contact, the thermal gradients 
would be as shown in the figure. In practice, however, there would 
be a temperature drop at the surfaces of contact. We will therefore 
assume perfect contact, and then the heat llow through each of the 
conductors will be the same. 


« = - 


K X A('1\ ~5T 2 )_ K 2 A(T 2 -T,) 


K^A(7\-T 4 ) 


per unit time 


Hence 1\ - T 2 - ^ and -T 3 = and T 3 - T i 
K j/1 A 2 A 


or 


m _ m _ Q/^l_ , ^4 , 

1 K 2 + K 3 ) 

Ti-T* 


Q=~ 

KyA ' K t A ' K 3 A 


, 3 i 

ir A ' IS A ' 


._T 

a »i + r 2 + r 3 


where r = may be termed the thermal resistance. 


Q^a 

k 3 a 
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(b) Varying Areas. Let Fig. 247 represent two concentric thick 
cylinders A and B of equal length l and of thermal conductivities 
K 1 and K 2 respectively, the surface temperatures being as shown in 
the figure, the temperature T x being the highest. 

Then for an elemental cylinder of radius r and thickness dr the 

dT 

rate of heat flow Q = — K2irrl -y 

dr 



Fig. 247. Conductors with Varying Areas 


Hence for cylinder A, 




Q = 


and for cylinder B> 


l ^2 


i.e. 7\ - T 2 


*1 


Q = i.e. T, - T„ 


lo g« 


B_ 3 

x* 




<3 log. f 

Kl 2tt/ 


H,no. log. *» + £.<*.*•) 


or 


Q = 


W, - t 3 ) 


i , ii, , l , ii 3 

i' l°g« p °g« 


K x X 1 ' K 
1 B are con 

4t t(T 1 - T,) 


If, in Fig. 247, A and B are considered as being two thick hollow 
spheres then 


Xj -Ri . X 2 R 2 
K±X 1 R 2 ^ K^R^R, 


for outward flow 
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or Q — jz —f or inward flow 

ilj - ilj ! XI3 - «/l/2 

KAiia + tjljl 3 

Example A spherical vessel of 20 in. radius contains a liquefied gas at 
— 297° F. It has two jackets of lagging each 4 in. thick. The inner layer has 
a conductivity of 0*35 and the outer of 0-45 in B.Th.U./ft. 2 /hour/° F. difference/ 
inch thickness. 

Find the rate of heat leakage into the container if the outmost surface is at 
60° F. 

EstablSft any formula used. 

( U.L., B.Sc. {Eng.), 1948) 


Referring to Fig. 247 and the equation Q = 


47 

R-i — Ri R 3 — Ri 


K 1 R l R. l K i R 2 R 3 


T, 


60°, T x = - 297°, and T 3 - T, = 357° F. 


20 94 ‘>8 

Rx - g = 167 R 2 = g - 2 ft., and * 3 = g = 2*33 ft. 


R 2 - B x - 0-33 ft., and R 3 -R 2 = 0*33 ft. 

K x per ft. thickness =- = 0- 1 

0-45 


0292 


Q 


K 2 per ft. thickness — -= 0-0375 

4 x 3-14 x 357 
0-33 0-33 

‘ o < 


0-0292 x 1-67 x 2 1 0-0375 x 2 x 2-33 
= 851 B.Th.U. per hour 


Note that if the radii are given to three places of decimals Q — 841. 

Steady Film Heat Transfer. Let Fig. 248 represent a wall of 
thickness x w separating a hot fluid from a cold one. In practice it is 
found that the temperature gradients in the fluids are confined to 
comparatively thin films x 1 and x 2 in contact with the surfaces of 
the wall. Outside these films the temperature is constant in the bulk 
of the fluid. The temperature gradients therefore will be approxi¬ 
mately as shown in Fig. 248. 

For the heat flow per unit time in a fluid lilm we may write 
Q = ~A(T a ~T„) 

K 

If h = —, this may be termed the heat transfer coefficient, and 
its units will be B.Th.U. per hour, per sq. ft., per ° F. 
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Then for the two films 

Q = h x A(T x — To) where h x refers to the hot fluid 
Q — h 2 A(T z — T^) where h 2 refers to the cold fluid 


and for the wall, 

Q = — A(T 2 — T 3 ) where K refers to the wall 

X v> 



Hence by adding the three equations 


where 


Q_ 

AF 

i = — 4- 5s 4- J- 

F hi K ^ h t 


Heat Flow through a Condenser Tube. Let Fig. 249 illustrate a 
tube through which a cold fluid is passing, while round it is a hot 
fluid condensing at a constant temperature T , the temperature of 
the cold fluid rising from t x to t 2 in flowing through the tube. At a 
distance x from the entry the temperature of the cold fluid is t rising 
by dt in a small length of tube dx. It will be assumed that the flow 
of heat through the tube is proportional to the temperature difference 
on the two sides of the tube, and that no heat passes lengthways 
along the tube. 

Let q = the average rate of heat transfer per unit area of tube 
surface per degree temperature difference 
A = surface area of tube 


w c — weight of cold liquid passing per unit time 
S c ~ specific heat of cold liquid 
Then for the elemental area dA of tube surface 
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Heat passing through small length of tube = Heat gained by cold 

fluid 

i.e. q(T - t)dA = w c S c dt 

and for the whole tube surface 

qA f ( * dt . T — t, 

l/r-t oge ¥-t 2 

If t m lii niean temperature difference between the fluids for the 



whole tube surface, then the rate of heat passing from the hot to the 
cold fluid is 


- n 

“ qA ' 2 


Q = qLA = wAft - 1 1) 

i \ (2 ~ /i ^1) 


log. 


T- h 
T - /„ 


log. 


-< T_~t,) 

T-t\ ' 

T-U 


Thus the mean temperature difference, sometimes called the 
logarithmetic mean, is given by the expression, 


Initial temperature difference — Final temperature difference 
1 ^ Initial temperature difference 
Final temperature difference 


This will not have the same value as the arithmetic mean 
temperature difference T — - 1 * 2 . 

Heat Flow through an Evaporator Tube. Here (Fig. 250) we have 
a hot fluid entering the tube at a temperature T v and leaving at a 
lower temperature T 2 , while the tube is surrounded with a colder 
fluid which is evaporating at a constant temperature t. 

Let w h and S h be the weight of hot fluid passing per unit time, 
and the specific heat of the hot fluid respectively, and let q and Q 
have the same meanings as in the previous paragraph. 
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For the elemental area dA of tube surface 
qdA{T — t) = w h S k dT 


_?A. = f r *_«L =u * 


For the whole tube surface 


Q — QAt m — w h S h (T 1 T 2 ) 

W h ^ h ( m rp \ ^1 ^2 (^1 0 (^2 0 


• / _ vu K'’him rn\ 1 1 -*■ 2 

• * “ IX (i 1 ~ J 2) - , 7\ - i 

Iog ‘ 7V=1 


i 7 'i -1 


This is the same type of formula as in the previous paragraph. 



Fig. 251. Counter Current Flow 


Counter Current Flow. Fig. 251 illustrates two concentric tubes 
with hot fluid entering the outer annulus at a temperature 1\ and 
leaving at T 2 , while the cold fluid enters the inner tube at the other 
end at a temperature t 2 and leaves at t v 

At a distance x from the left-hand end let the hot fluid be at a 
temperature T and let the cold fluid be at t. Then for a positive 
value of the elemental tube area dA, the value of t decreases. 

Hence for the heat flow through the elemental tube area dA , 

q(T - t)dA = - w c S c dt 

or 1 A = wAjT’yrTf • • t 1 ) 

For the heat exchange through the length x of the tube, 

w h S h {T 1 —T) = w^’Mi — t) 

or T 1 —T = (t, — t) — a(t, — t) where a = = constant 

w h i> h 
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Hence T — t = T x — at x + (a — 1)J 

and from the equations 1 and 2 

^ nt dt 

qA 


619 

( 2 ) 




■f(«— 1)< 

, g 7 !- + (a - 1)<1 

a _ i *°e« 7^ _ a(i + (« _ i) <2 

t» c S c . T 1 — <i 

~ a- 1 l0gs 7\ - at 2 ( (rt — l)f 2 

But for the whole length of the tube, 

w h S h (T 1 - T 2 ) = w c S c {t l - t 2 ) 

*A 


(3) 


w h S h 


Tl ~ Ti and a - 1 = {T ' ~ Tt) (<1 h) 


ti ^ ^1 ^2 

Substituting these values of a and a — 1 in Eq. 3, 

Ti — ati -}~ (a — 1 )^ 2 — T 2 


and 


wvSv i T x — t x 

* a = T-l log ‘ 


T — / 

-1 ‘> V<% 


. (4) 


or 


For the whole heat flow through the tube, 

Q = qt m A = u> c S c {f l - < 2 ) 

. w c S c , 


qA 


(<! < 2 ) 


and substituting from Eq. 4 


t,„ = 


w c S'(t l — t 2 ) 


-_ A . w T 1 fi 

O _ 1 ,u b« y _ / 


(«- 1 ) 


2 ~ 1 '2 
- u 


T — / 

l0g e 77T- 1 


7 7 — t 
A 2 ^2 


(^1 7^ )_y (^1 ^2) 

(^1 ^ 2 ) ^1 ^1 


l0g *^-^2 


_ (^1 ^l) (^2 ^2) 

, T%—\ 

° g, T 2 -t 2 

This is the same type of formula as in the previous paragraphs. 
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If the cold fluid is at a constant temperature t the formula becomes 
that for an evaporator tube, 


i.e. 


(7’, - • /)-(7V- 


l°g« 


(7’, - t) 
(7 \-t) 


t) 


If the hot fluid is at a constant temperature T the formula 
becomes that for a condenser tube. 


i.e. 


(T-tJ-iT-t,) 


\0<r 


T~*x 

T — to 


Parallel Current Flow. For parallel current flow, the temperature 
of the cold fluid is rising from t x to t 2i while that of the hot fluid is 
falling from T 1 to T 2 . In a similar manner to that in the previous 
paragraph it can be shown that 


t m == 






7', - L 
7', - 


Example 3. A condenser has a vacuum of 29 in. and deals with 50,000 lb. 
of steam per hour, the steam entering the condenser 0*95 dry. The cooling 
water enters at 5.V F. and leaves at 75' F., the condensate leaving at the 
saturation temperature corresponding to the vacuum. 

Assuming the coefficient of heat transmission through the tubes is 
600 B.Th.U. per sq. ft., per hour, per ° F. temperature difference, find the total 
tube surface required. 

Reference to the steam tables at 29 in. and 79-6° F. gives 
Total heat of steam entering condenser 

- h + xL - 47-6 + 0-95 x 1,048-5 

- 1,043-7 B.Th.U. per lb. 

Total heat left in condensate 

- 79*0 - 32 = 47-6 B.Th.U. per lb. 

Heat carried away by cooling water 

- 50,000 (1,043-7- 47-6) 

-- 50,000 x 996 B.Th.U. per hour. 

If T — temperature of condensing steam 
t x — temperature of entering cooling water 
t 2 = temperature of leaving cooling water 
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Then the mean temperature difference on the two sides of a tube 
(T - t t ) - (?' — t 2 ) _ (79-6 - 55) - (79-6 - 75) 

■h 


t m = 


TjT 


2-3 log 10 


79-6 - 55 
79-6~75 


= 11-94° F. 

But Q = 

. <? 50,000 X 996 ... A 

• (iOOx ll-M =«.«>«,■ ft. 


Note. If the condensate left at a somewhat lower temperature 
than the saturation temperature corresponding to the vacuum at 


Hot 

End 

Area A 


a be 

Fig. 252. Heat Flow along a Bar 



steam entry, then the problem could be treated as one of counter 

r/’, - g - (7V-g 


current flow and = 


log, 


T — t 
1 i 


re 7 7 2 - t 2 

where 1\ temperature of entering steam 

T 2 temperature of condensate leaving 

General Equation for Conduction. Consider a uniform bar as in 
Fig. 252 heated at one end. 

Let <j> — the temperature difference between the bar and its 
surroundings, the latter temperature being constant 
A — the sectional area of the bar 
P = the perimeter of the bar 
q — the heat flow along the bar 
K — the conductivity of the bar 

The change in the value of cf> between sections b and c ~ ^ - dx 


</>c 
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The heat flow at section b = q-, = — KA 


The heat flow at section c 


+3M 


- KA 


(d<f> d 2 <f> 


dx dx 


5 • 


The difference of heat flow between the two sections b and c must 
be lost from the small sectional surface Pdx. 

Thus if e = heat lost from this surface per unit time, per unit area, 
per unit difference of temperature 

then — ePdx <f> = % — q c — — KA (g -| g dx} + KA g 

i.e. ePdx <f> — KA . dx 
ax 


dx 2 _ eP 


ft- say, where /< is constant 


The solution of the equation 
d*d> 

dx> = /4 ‘ 


is (f> — -f 


But when x — 0 then </> = <f) a 

and when x — oo tlien <f> ~ 0 

Hence a = 0 and b = </> a 

Thus the equation for steady heat flow along the bar is 

<£ = AA 

Dimensions of Thermal Quantities. For the present purpose let us 
assume the following symbols— 

Q = Quantity of heat in heat units 

g = Quantity of heat per unit time in heat units 

W — Quantity of work, or heat in work units 

J = Mechanical equivalent of heat 
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h — Heat transfer coefficient, or heat transferred per unit time, 
per unit area, per unit temperature difference 

Q dx 

K — Thermal conductivity from K — — -g 

0 — Temperature or temperature difference 
x = Length or distance a — Area 

d = Distance or diameter 
2 = Time 

S = Specific heat 
m = Mass 

— Coefficient of viscosity 

Although temperature almost certainly depends on the funda¬ 
mental dimensions of Mass, Length and Time ( M.L.T. ), the nature 
of this dependence is not clear. One method of avoiding this difficulty 
is to treat temperature as a fourth fundamental dimension, 
represented hereafter by </>. 

If this is done then some decision must be made as to the treat¬ 
ment of specific heat, which can be defined in two ways— 

(a) as the ratio of the heat necessary to raise a mass m of a body 
through a temperature difference 0, to the heat necessary to 
raise the same mass of water through the same temperature 
difference, 

(b) as the quantity of heat necessary to raise unit mass of the 
body through unit temperature difference. 

In the first case the specific heat has no dimensions, as it is a 
mere number, while in the second case, we shall see that it has 
dimensions in terms of the four fundamental dimensions assumed. 
There are thus three cases to consider— 

(i) Four fundamental dimensions ( M.L.T.fi) with specific heat 
dimensionless. 

(ii) Four fundamental dimensions with J dimensionless. 

(iii) Three fundamental dimensions with S and J dimensionless, 
(i) Four f undamental dimensions. Specific heat dimensionless. As 

temperature is adopted as a fourth fundamental dimension, this as 
already stated will be represented by 

A quantity of heat Q given to a mass m is measured by the product 
mass x specific heat X change in temperature. As specific heat is 
considered dimensionless, then the dimensions of Q will be M<f>. 

The mechanical equivalent of heat J is defined by the ratio 

work units TT xl ,. r r 

—- . . Hence the dimensions of J are 

heat units 

MLT m x ~ - LiT ^~ l 


v — Velocity 
L — Latent heat 
p — Density 
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In a similar way the dimensions of other thermal quantities may 
be found as given below in Table XXX. 

TABLE XXX 


I 


Quantity 

Definition 

Dimensions 

Temperature . 

0 



Specific heat 

X 


: Dimensionless 

Heat 

Q £ 

mSO 

! M<f> 

Mechanical equivalent 

J - 

W 

Q 

"tr 

Thermal capacity . . ; 

tnS 


M 

j 

Latent heat 

L - 

Q mSO 

ni m 


! 

Thermal conductivity 

l 

K 

Q (lx 
ta <10 

TL - j, 

Coefficient of heat transfer 

h -- 

' 

taO 

is 

i 

23 

II 

23 ^ 

Diffusivity . . . j 

i 

e = 

K ! 

prt j 

ML l T l 

= UT 1 

ML~* 

| 

Coefficient of absorption . 

i 

Q 

ta() 

1 

: 

, 

M<t> 

r ML l T 1 

! TL*6 
\ r 


In the above table it will be seen that as J is a dimensioned 
quantity, the dimensions of any heat quantity will have different 
values according to whether it is expressed in heat or work units. 
In the two following systems, where J is considered dimensionless, 
this does not arise. 
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(ii) Four fundamental dimensions. Mechanical equivalent dimen - 
sionless. In this system, as J is dimensionless, then a quantity 
of heat Q has the dimensions of work, namely ML 2 T~ 2 . Specific 
heat now becomes a dimensioned quantity. The dimensions of 
other thermal quantities are given below in Table XXXI. 


TABLE XXXI 

Quantity 

Definition 

Dimensions 

Temperature 

; o 

* 

Mechanical equivalent 

\ j 

Dimensionless 

Heat .... 


MIST-* 

Specific heat 

IJ 

\ ' 

U S'* 

Ii 

►>1 

■e^ 

Thermal capacity 

i ?/»jS’ 

ML 2 T~ 2 <t> 1 

Latent heat 

i Q 
: “ 

MLiTi = UT 

Af 

Thermal conductivity 

; 

1 MIST 2 L 

' -Tvr-r MLT ^ 

Coefficient of heat transfer 

*-5 

! TL 2 <f> m * 

Diffusivity 

ii 

\ MT.T-V-' = itr _, 

Coefficient of absorption 

! Q 

j taO 

i '7,1;* '- 
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(iii) Three fundamental dimensions (M.L.T.), S and J dimen¬ 
sionless. The dimensions of the various quantities in this system are 
given in Table XXXII. It will be seen that temperature now becomes 
a dimensioned quantity, with the dimensions of the square of a 
velocity. 


TABLE XXXII 


Quantity 

Definition 

Dimensions 

Specific heat . 

8 

Dimensionless 

Mechanical equivalent 

J 

Dimensionless 

Heat .... 

Q = 
v J 

MIST-* 

Temperature . 

il 

|l^ 

MIST * 

_ — T 27 ^ -2 

M 

Thermal capacity 

M*S' 

M 

Latent heat 

/,=•? 

in 

MIST 2 

— ist~ % 

M 

Thermal conductivity 

K = — -- 

Ui df) 

ML*T - 2 L 

TL 2 IST~* 

= ML~ l T~ l 

Coefficient of heat transfer 

ii 

MIST * tMT , 

T IS 1ST* 

Diffusivity 

o 

1! 

ML~ l T~ l 

_ 7271-1 

ML 3 

Coefficient of absorption . 

| taO 

MIST 2 

= ML~*T l 

TISIST* 
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Dimensional Homogeneity applied to Heat Transfer. Let the 

variables concerned be v , d , p, S , /*, if, A, where the symbols have 
the meanings given on pp. 622 et seq. 

Assume four fundamental dimensions (M,L t T ,<£), and let J 
be dimensionless. There will then be 7 — 4 = 3 dimensionless 
coefficients obtainable. Let these be C v C 2i and C 3 . 

(a) If G x = iPcFpVfjtS* 

then using the dimensions of thermal quantities given on p. 625 
M 0 L°T 0 <f) 0 = L*T-*IfMvL-*m*L- 6 T- 6 L*T-*<$>-* 
and equating appropriate indices— 

For M 0 = y + <3 whence y — — d 

<f> 0 = — £ £ = 0 

T 0 = — oc — d — 2fi <x = — d — 2e — — d 

L 0 = a-f-/? — 3y — <5 + 2s /3 = — a + 3y + <5 

-2s 

= d-3d + d = -d 

and substituting in the original equation 


(b) If C\ = i a dfifi y S d K e 

M 0 L°T°4> 0 = LaT ~ “LPMvL- y T~ yL u T- d M c L e T- ^<fr 
For M 0 = y -f s whence y = — s 


(f> 0 = — <5 — e 

T 0 = -a -y 


2d -3£ 


L 0 = a + /? — y 2<5 -f- £ 


6 = — £ 

oc = — y — 25 — 3s 
= £ + 2s - 3s = 0 
= — a + y — 25— s 
= 0— s + 2s— s 
= 0 


C 2 = 


(c) if c 3 = t pdf/pm' 

M°L°T 0 <f> 0 = 

For <f> 0 = — d — s whence <5 = — s 

3fO = y + <5 + e y= — <5—s = e—e 

= 0 

T 0 - a - 3<5 - 3f a = - 3d - 3s 

= 3s - 3s = 0 


31 —(T.5434) 8 PP- 
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L 0 — oc -f- jS — 3 y -4“ <5 


/? — — a + 3y — d 
=0+0+£=e 


C 3 = d'K~ 


and hence 


hd 

K 


f 


( vdp yS\ 

ir-xj 



i 

i 

i 

i 

dy 

| *V+dv 

1 

y 

! 

i 

i 

TTT777T777T. 

L 

[v 7 77 7^77777^.77777777 

| Unit U— l c Flxe r d 
ength Surf *Ct 

Fig. 253 


Reynolds’ Analogy. Reynolds’ originated the idea of two distinct 
forms of fluid flow, namely laminar or viscous flow, and turbulent 
, flow. 

/I h 

As regards laminar flow, consider a 
fixed solid surface (Fig. 253) past which 
fluid is flowing, the velocities of the fluid 
in two parallel planes A and B, at 
distances y and y + dy from the surface, 
being u and u + du. Let a and b be two 
parallel planes normal to the surface and 
unit length apart. Consider also a thick¬ 
ness of fluid normal to the paper equal 
to unit length. 

Then by the definition of the coefficient 
of viscosity /i, the shear stress (i.e. fluid 

• . du 

resistance per unit area of surface) is given by R i = y — 

dy 

As regards turbulent flow, consider a small mass a having a 
velocity u in plane A moving into plane B where the flow velocity 
is u + du. To take its place we can imagine an equal small mass a 
in plane B being transferred to plane A. The virtual turbulent 
shear stress equals the increase or decrease of momentum of the 
mass a per unit time. If therefore a mass m passes per unit area of 
surface, per unit time, then the shear stress for turbulent flow 
jR 2 = mdu. 

Hence the total shear stress R = R x -J- B 2 = y~ + m .du 

dy 

In passing it is worth while to check dimensions of each side of 
this equation thus— 


LT- 1 M 

MLT- 2 L~ 2 = ML~ l T~ l + — T- l LT~ x 
L L 2 

i.e. ML~ l T~ 2 = ML~ l T~ 2 + ML l T~ 2 

As regards heat flow Reynolds considered that the heat carried 
off per unit time by any fluid from a surface was due to— 

(a) the natural heat diffusion through the fluid when at rest. 

(b) the eddies caused by turbulent motion, which mixes up the 
fluid and continually brings fresh particles into contact with the 
surface (i.e. convection). 





HEAT TRANSFER 


629 


As regards (a) the heat flow may be considered as normal to the 
fixed surface from which heat is being transferred, and the ordinary 
conduction equation gives the heat transferred per unit time, per 

dQ 

unit area of surface as Q x = — K the minus sign indicating that 

as y increases, the temperature 0 decreases. 

As regards (6) we can imagine a small mass a in the plane A 
(Fig. 253), at a temperature 0 being transferred to the plane B 
where the temperature is 0 + dO, and carrying a quantity of heat 
clSO , while a similar particle which takes its place, carries a quantity 
of heat olS(0 -f* dO) from plane B to plane A. The net quantity of 
heat transferred is therefore — a SdO, the minus sign indicating that 
as y increases 0 decreases. Thus if m has the same significance as 
previously, the heat flow due to turbulence per unit time per unit- 
area of surface is given by the equation Q 2 -- — mSdO. 

Hence the total heat flow is Q — Q x -f- Q 2 — — K ^ — mSdO. 

dy 

Checking dimensions, using MLTcf) and making J dimensionless, 

^ MLT ~ 3 ^ z + zjt ut-'W 


MT 3 MT~* + MT* 

Considering the two equations for R and Q it would appear that 
there is a simple analogy between fluid flow and heat flow, a tem¬ 
perature gradient being analogous to a velocity gradient. There are, 
however, limitations to its validity. Modern work has shown that 
in turbulent flow there exists a laminar sub-layer in the immediate 
neighbourhood of the solid surface. The heat from the solid surface 
must flow through this sub-layer before it can be carried away by 
turbulent mixing. The simple analogy has therefore been 
considerably mod i fled. 


EXAMPLES XVI 

1. A sphere of 12 in. radius is at a temperature of 400° F. It is evenly 
covered with lagging which is 3 in. thick. The conductivity of the lagging is 
0*5 B.Th.U. per sq. ft. per hour, per degree F. temperature difference, per inch 
thickness. The outside surfaco of the lagging is at a temperature of 100° F. 

Find the rate of heat leakage, proving any formula you use. 

( U . Nottm., B.Sc. (Eng.) Pass , 1951.) 

2. A thin piper of 3 in. external diameter is covered with two layers of 
lagging, each layer"being 2 in. thick. The conductivity of the inner layer of 
lagging is 0*48, and that of tho outer layer is 0 0 B.Th.U. per sq. ft., per hour, 
per degree F. per in. thickness. Tho pipe contains a fluid at 200° F., the tom- 
peraturo of tho outside surface of the outer layer of lagging being 60° F. 

What is the heat leakago per hour, per foot run of pipo ? 

(U. NottmB.Sc. (Eng.), 1951.) 

3. A cold room has one of the walls which measures 15ft. by 7 ft. Gin. 
constructed of brick 4J in. thick, insulated externally by cork slabbing 3 in. 
thick. The cork is protected externally by wood 1 in. thick. 
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Estimate the heat leakage through the wall per 24 hours, if the interior 
temperature is 28° F., and the exterior 65° F. 

The thermal conductivities of brick, cork and wood are 6*5, 0*3 and 1*2 
respectively, these values being measured in B.Th.U. per hour for an area of 
1 sq. ft., thickness 1 in., and a temperature gradient of 1° F. 

What will be the temperatures of the interfaces ? 

(U.L., B.Sc. (Eng.), 1944.) 

4. Describe the difference between a parallel-flow and a counter-flow 
cooler, showing graphically how the temperatures vary with the length of the 
cooler in each case. 


Explain the term “mean effective temperature difference” and show that 
in the case of a tubular oil cooler where the rise in temperature of the water 
may be neglected, the value of the mean effective temperature difference is 

given by (0 l — 0t)/log« where 0. and 0 g are the initial and final temperature 

differences respectively. 

In such an oil cooler, the oil enters the tubes at a temperature of 160° F. 
and leaves at 75° F., the water temperature being sensibly constant at 55° F. 
Find the weight of oil which can be cooled per sq. ft. of active aroa per hour, 


if the coefficient of heat transmission is 75 B.Th.U. sq. ft. hr. 0 F. units and the 
specific heat of the oil is 0*55. 


( U.L ., B.Sc. (Eng.), 1947.) 



APPENDIX 




Entropy 

Fig. Temperature-entropy Digram for Water and Steady 



TABLES OF THE PROPERTIES OF STEAM 

Thb values in Tables I and II are taken from Steam Power (by 
Professor W. E. Dalby, F.R.S.), by the kind permission of the 
author and the publishers, Messrs. Edward Arnold & Co. 

The values in Tables III and IV are taken from the Abridged 
Callendar Tables Centigrade Units by the kind permission of the 
author and the publishers, Messrs. Edward Arnold & Co. 

More modern figures are given in Abridged Callendar Steam Tables 
revised by G. S. Callendar and published by Messrs. Edward Arnold 
& Co. 
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TABLE I 

Properties of Dry Saturated Steam, Centigrade Units 


Pressure 

lb. 

PM »Q. 1*. 

(Ab«.) 

9 

Tem¬ 

perature 

l*C. 

Volume 
cu. ft. 
per lb. 
steam 

f . 

Total 

Heat 

of 

Water 
C.H.U. 
per lb. 
h 

or l w 

Latent 

Heat 

of 

Steam 

C.H.U. 
per lb. 
b 

Total 

Heat 

of 

Dry 
Steam 
C.H.U. 
per lb. 

In¬ 
ternal 
Energy 
C.H.U. 
per lb. 

B 

Ehteopy Pll LA. 

Water 

Increase 
Due to L 
LIT 

Steam 

00892 

00 

3276 

0*0 

694*27 

594*27 

564-21 

0*0 

2*1760 

2*1760 

01 

1*69 

2940 

1*69 

693*44 

595*03 

564*79 

0*0057 

2*1605 

2*1602 

0-2 

11*69 

1524-4 

11*67 

688*14 

599*81 

568*45 

0*0417 

2*0651 

2*1068 

03 

17*99 

1037*7 

17*94 

584*83 

602*77 

570*74 

0*0635 

2*0092 

2*0727 

0-4 

22*66 

780-7 

22*60 

582*37 

604*97 

572*44 

0*0794 

1*9688 

2*0482 

05 

26*41 

640*50 

26*34 

580*39 

606*73 

573*80 

0*0922 

1*9377 

S-0890 

1 

38*74 

333*12 

38*63 

573*83 

612*46 

578 20 

0*1323 

1*8401 

1*9724 

2 

62*27 

173*54 

52*16 

666*51 
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TABLE I 

Properties of Dry Saturated Steam, Centigrade Units 

(contd.) 
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per sq. in 
(Abs.) 
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perature 

<°C. 

Volume 
cu. ft. 
per lb. 
Steam 

** 

Total 

Heat 

of 

Water 
C.H.U. 
per lb. 
h 

or 

Latent 

Heat 

of 

Steam 
C.H.U. 
per lb. 

L 
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Heat 

of 

Dry 
Steam 
C.H.U. 
per lb 

In¬ 

ternal 

Energy 

c.hIj. 

per lb 

E 

Entropy per 

Lb. 

Water 

Increase 
Due to L 
LIT 

Steam 

4>, 
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' 

1-6577 

200 

194-35 

2-320 

197-49 

472-20 

669-69 

622-35 

0-5437 

1-0101 

1-5538 

210 

196-66 

2-216 

199-94 

470-26 

670-20 

622-75 

0-5490 

1-0012 

1-5502 

220 

198-87 

2-120 

202-32 

468-38 

670-70 

623-14 

0-5540 

0-9925 

1-5465 

230 

201-02 

j 2-034 

204-64 

466-55 

, 671-19 

623-52 

0-5588 

0-9841 

i 1-5429 

240 

203-09 

| 1-954 

! 206-88 

464-76 

671-64 

623-88 

0-5635 

0-9760 

1-5395 

250 

205-10 

1-880 

209-07 

463-01 

672-08 

624-23 

0-5680 

0-9682 

1 1-5362 

260 

207-04 

1-811 

| 211-17 

j 461-31 

672-48 

624-54 

0-5724 

0-9608 

! 1-5332 

270 

208-93 

1-748 

213-23 

1 459-65 

672-88 

624-86 

0-5767 

! 0-9536 

1-5303 

280 

210-77 

1-689 

215-25 

458-02 

673-27 

625-17 

0-5808 

0-9466 

! 1-5274 

300 

214-32 

1-583 

219-12 

454-85 

673-97 

625-72 

0-5887 

0-9332 

1-5219 

350 1 

222-45 

| 1-368 

228-08 

447-44 

675-52 

626-95 

0-6067 

! 0-9029 

1-5096 
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676-84 
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TABLE II 

Properties of Dry Saturated Steam 
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TABLE III 

Total Heat of Superheated Steam 

(For values of total heat of superheated steam at high temperatures and pressures see Table D, p. 644) 
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TABLE IV 

Entropy of Superheated Steam 
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1-6778 

to CO Cft Ht 

CO o CO 

CO to ^ CO CM 

to to to to to 

1-6059 

1-5917 

1-5797 

1-5693 

1-5601 

1-5519 

4* 

§ 

XJ 

1 

o 

cn 

© 

iO 

+ 

1-8180 

1-7948 

1-7624 

1-7395 

1-7218 

1-7073 

1-6952 

1-6846 

1-6754 

1-6670 

1-6528 

1-6407 

1-6303 

1-6210 

1-6127 

1-5953 

1-5810 

1-5690 

1-5586 

1-5494 

1-5413 

° 







s 

« 

& 

V 

Q 

o 

© 

4- 

N (N OJ (N lO 
© CO O 00 O 
O 00 VO CM — < 
GO t- t- t- r~ 

—.—,<0^0 
to CO ^ to 
05 oo r~ co vo 

CO CO CO co to 

1-6418 

1-6297 

1-6194 

1-6101 

1-6018 

1-5843 

1-5700 

1-5580 

1-5476 

1-5384 

1-6302 


© 

CO 

+ 

1-7941 

1-7713 

1-7392 

1-7165 

1-6990 

1-6846 

1-6726 

1-6621 

1-6530 

1-6447 

1-6304 

1-6183 

1-6079 

1-5987 

1-5904 

1-5730 

1-5587 

1-5466 

1-5362 

1-5269 

1-6187 


• 

© 

Cl 

+ 

1-7817 

1-7590 

1-7271 

1-7045 

1-6870 

1-6728 

1-6608 

1-6503 

1-6412 

1-6329 

1-6187 

1-6066 

1-5962 

1-5870 

1-6787 

1-5612 

1-5468 

1-5348 

1 5243 
1-5150 
1-5068 


o 

4- 

1-7689 

1-7463 

1-7146 

1-6922 

1-6748 

1-6605 

1-6486 

1-6381 

1-6290 

1-6207 

1-6065 

1-5944 

1-5840 

1-5748 

1-6665 

1-5490 

1-5346 

1-5224 

1-5120 

1-5026 

1-4943 

i 

2d 

h rf 

Gauge 

CO CO CO CO CO 

6 to >o o 

CM CO 

CO CO CO CO CO 

io to ib to to 
-* to to r- oo 

105-31 
125 31 
145 31 
165-31 
185-31 

235-31 

285-31 

335-31 

385-31 

435-31 

485-31 

3 wr 

a" 

2 

CL 

Abs. 

to © © © © 
©4 co to 

© © © © © 
to t- oo © © 

© © © © © 

2 2 2 21* 

© © © 
© © © 
04 CO CO 

ill 
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EXTRACTS FROM THE MOLLIER STEAM TABLES * 


The values in Tables A, B, C, D, and E are taken from The Mollier 
Steam Tables and Diagrams (Third Edition) by the kind permission 
of the publishers, Sir Isaac Pitman & Sons, Ltd. Much more 
detailed figures and information will be found in the Complete 
Tables , published in med. 8vo, with two large charts, at 7s. 6d. net. 

The first set of Mollier steam tables was founded upon the charac¬ 
teristic equation of Professor H. L. Callendar. 

Owing to the tendency, in modern steam practice, to use higher 
pressures and high superheat, there is need for information on the 
properties of steam above 500 lb. per square inch. 

After consideration of the available data, Dr. Mollier has devised 
a new characteristic equation by the addition of one term to the 
original equation and, by extrapolation, he has extended the range 
of these steam tables to the critical point. 

The equation for superheated steam applicable up to 2,000 lb. 
per square inch is 

pV p p z 

~7p = 1*0731 — 0*3204 ^pji 0QJ13/3 — 15*044 ^p/lOO) 16 

32*04 15*044 x 10 6 

Taking coefficients, k Y = ^RX)jio/5 > and 1c 2 = ~jTj\00) ir ~~ 

T / p \ 2 

F= 10731 --4,-4, (loo) 

where p = pressure in lb. per sq. in. (abs.) 

V — volume of steam in cu. ft. per lb. 

T = t° C. + 273 = absolute temperature (Centigrade) 
The coefficients for the various equations, from zero to 500° C., 
are given in the Complete Tables. 

Dr. H. Moss has amplified and adapted the tables to the British 
Centigrade system of units. 

* These tables are now out of print. 
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TABLE A 

Properties of Saturated Steam 


Entropy per Lb. J 

I g 

2-1104 
2-0758 
2-0514 
2-0174 
1-9934 
1*9749 
1*9179 
1-8849 
1-8618 
1-8437 
1-8291 
1-8063 
1-7885 
1-7741 
1-7619 
1-7514 
1-7422 
1-7340 
1-7265 
1-7197 
1-7021 
1-6900 
1-6796 
1-6620 
1-6476 
1-6247 
1-6068 
1-5919 

Increase 
Due to 

LIT 

®pH|>.^h.^^«^tooo«ot'iort^aioo©rtOooio^t-cooi 

Water 

0-0418 

0-0636 

0-0793 

0-1026 

0-1193 

0-1326 

0-1753 

0-2012 

0-2200 

0-2351 

0-2476 

0-2679 

0-2837 

0-2969 

0-3083 

0-3185 

0-3277 

0-3359 

0-3433 

0-3502 

0-3683 

0-3810 

0-3922 

0-4115 

0-4277 

0-4536 

0-4747 

0-4922 

External 
Work of 
Vaporiza¬ 
tion 

lb. cal./lb. 

oot^i>Ni^-<'^^0(NOcD»Mcf)a)^iocooo-'0-^t''iorocooooo 

nOiOCOOOMh-®COOO<N05iflClMI-OM«5CO^CO^t'iN05^(» 

^lN<NCOf^4lo6t^h-oboba3C566rH^^^«(N(NMM'f^lOin 

Internal 
Energy 
of Steam 
lb. cal./lb. 

E 

ci^cjior-obcocbabo^poiot^abdiQ-^c^eoiocbt^di-^cbkOco 

ccf«ht'r'f'®i»a03050i0)0}0)0)Oooooooo^"<^H 

i0i0iCU5i0O»0U5U5u:i0iai0>Ci0i0c0«0<0«Dt0c0c0«c0c0c0(0 

Latent 
Heat 
of Steam 
lb. cal./Ib. 
L~H - h 

cb»o<Ndj«:Thco^cb»oMcibioc^6obibcoc : i6‘oc : ic»'i<d5^'^6> 

C00000r>t^r'«DC0>0OW'iJ''#'0''<l'C0?3MMM(NM^^OOa00 

tOiOiOlCiOOiOiOiOiQiOlOiOiOiOiOiOiOiOOiOiOiOiO'OlOi#^ 

Total Heat 

X> 

Sp « 
Sc tsT 

CO . 

X 

X> 
t-i r- 

« ~r 

«a r*' e * 

£ ~ 
jQ 

^COlO«OOC7SOQOOOOt^t-—•—<00'^l-OOOJCi»OCOQO^»OcOOSQO 
OMifjob-liwOTiNiOh'dsiNiCh-cbo-HCJM^e-cnoeoiioboN 
OOOOHHMC'iwciNMMMrt^^'l'TliTt^tfOiOiOO'PtO 
<0?0®®<0®C0®5D®CDO?050t0C0t0tt5C0C0®tDC0?0«Dt0r0(0 

r.05(OiQ®t^MOJN'#^fflCO'<J<CO^OO®©t>t^-HOt-(»Ot' 
^^wa^obwo^ciOMaj^cibc’noo^^^^^jjinocbM 
hhcim eo,co io©®M' 00 (»ao>ooo^^N(N«rt^ictot« 

Volume 
of Steam 
cu. ft/lb. 

r ,a 

-- O rj< M OO 

©^OO^OOOJONO©©NNCOO)OO^rt 
o)Haoooo^«o^^o>NH^o)h»ioiOHij«^t' 
OO'-'O’—'■^'^cboeocsr-obc^cib-^c^OGOcbco-^oobt-ioxhfO 

—'OJI^COxflfCCOfMC-ICvIC-J— 
lOoeio^MHH 

iH 

Tem¬ 
perature 
t 9 C. 

t-a»<O»9«Ot^WO>W^t^C»?O^«O^Q0O»t^C*9COCOI^^O>«O^00 

^-•t : «c ; iai^dbc^otLc^tbeoa5xf<Gbc"iiOQb-^i'^^icboob'<h»o^'^< 

HHMW«rt>o©«M^»ooo>aoo©H^N(Meo«^io©t> 

Pressure 

lb./sq.in. 

(absolute) 

P 

nm^®«ooooo 

OOiiOHNW-iuOttWOiN^^llOON^OiOOOOOOO 

HHHHHNMNrtCOiMOOOOOW 

r** r** 
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APPLIED THERMODYNAMICS 


TABLE B 

Properties of Saturated Steam 


Temp 
t° C. 

Pressure 

Ib./sq.in. 

(abs.) 

V 

Volume cu. ft./lb. 

Total Heat 

Latent! 
Heat 1 
of i 
Steam 
lb. 

cal./lb. 

L 

— II - h 

In¬ 
ternal 1 
Energy 
of 

Steam j 
lb. 

cal./lb. 

li 

Entropy ncr 

Lb. 

i 

Water 
v m 1 

Water 

Steam lb. 

V sa cal /lb. 

n 

Steam 

lb. 

cal./lb. 

Hsa 

Water 

•A* 

Increase 
Due to ! 
L\T 

Steam 

■A»a 

0 

0088 

0-016 

3308 

0 

595-0 

595-0 

564-9 

0 

2-1800 

2-1800 

10 

0178 

0-016 

1704 

10-0 

599-6 

689-6 

568-4 

0-0361 

2-0839 i 

2-1200 

20 

0-339 

0-016 

926-3 

20-0 

604-3 

584-3 

572 0 

0-0708 

1-9944 I 

2-0652 

30 

0-616 

0-016 

627-6 

30 0 

608-9 

678 9 

575-5 

0-1043 

1-9108 | 

2-0161 

40 

1-070 

0016 

313 2 

40-0 

613-5 

573-5 

579-1 

0-1367 

1-8324 i 

1-9691 

60 

1-789 

0-016 

193-1 

60-0 

6180 

568-0 

582-6 

0-1682 

1-7686 ! 

1-9268 

60 

2-889 

0-016 

123-1 

60-0 

622-5 

662-5 

685-9 

0-1986 

1-6894 

1-8880 

70 

4-619 

0017 

80-92 

70-0 

626-8 

556-8 

689-2 

0-2283 

1-6236 

1-8519 

80 

6-87 

0-017 

6469 

80-0 

631-1 

551-2 

592-6 

0-2570 

1-6614 

1-8184 

90 

10-17 

0-017 

37-88 

90-0 

635-3 

545-3 

695-7 

0-2848 

1-6024 

1-7873 

100 

14-69 

0-017 

26-83 

1000 

639-4 

539-4 | 

598-9 

0-3121 

1-4461 

1-7582 

120 

28-80 

0-018 

14-28 

120-3 

647-0 

626-7 

604-7 

0-3649 

1-3404 

1-7053 

140 

62-41 

0-018 

8-163 

140-7 

653-9 

613-2 

610-0 

0-4165 

1-2427 

1-6583 

160 

89-64 

0-018 

4-926 

161-4 

659-9 

498-6 

614-5 

0-4642 

11614 ; 

1-6156 

180 

146-6 

0-018 

3-114 

182-3 

664-6 

482-3 

618-0 

0-6112 

j 1-0648 

1-5760 

200 

226-4 

| 0-019 

2-043 

203-6 

667-7 

464-2 

620-4 

0-5567 

0-9816 

1-5383 

220 

336-6 

| 0-019 

1-381 

j 226-1 

669-0 

, 443-9 

621-2 ! 

0-6010 

0-9005 

1-6015 

240 

486-4 

j 0-20 

0-966 

1 247-1 

668-0 

, 420-8 

620-2 1 

0-6442 

0-8204 

1-4646 

260 

680-6 

, 0-0206 

0-6727 

269-6 

664-2 

394 5 

1 617-1 

0-6864 

0-7403 

1-4267 

280 

930-6 

; 0-0216 

0-4786 | 292-7 

657-3 

364-6 

611-5 

0-7278 

0-6695 

1-3873 

300 

1,246 

0-0227 

0-3414 

316-6 

646-8 

330-2 

603-3 

0-7690 

0-5763 

1-3454 

320 

1,639 

1 0-0243 

0-2429 

343-0 

632-5 

289-5 

591-6 

0-8128 

0-4881 

1-3009 

340 

2,119 

0-0266 

0-1704 

373-3 

613-5 

240-2 

676-4 

0-8608 

0-3918 ; 

1-2526 

360 

2,707 

0-0306 

0-1116 

413-0 

683-4 

170-4 

552-4 

0-9214 

0-2692 | 

1-1906 

366 

2,873 

0-0327 

0-0968 

428-5 

570-1 

141-6 

542-0 

0-9450 

0-2220 | 

1-1670 

374 

3,200 

0 0497 

0-0497 

501-1 

501-1 

1 o 

L 

484-8 

1-0568 

o 

1-0558 









degrees of superheat. 
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TABLE D 

Total Heat of Superheated Steam 


Pres¬ 
sure 
lb./ 
sq.in. 
(abs.) 

V 

Satura¬ 

tion 

Tem¬ 

perature 

I/O. 

Satura¬ 
tion 
Total 
lleat lb. 
cal./lb. 

H »« 

Total Heat, 11, in lb cal./lb , of Superheated Steam at Temp. 

t = 

150° C. 

200° C. 

250° C. 

300 C°. 

350° C. 

400° C. 

450° C. 

500° C. 

15 

100-6 

639-5 

663-7 

687-8 

711-6 

735-4 

759-0 

782-6~ 

806-2 

829-8 

■l 

108-9 

642-8 

663-1 

687-4 

711-4 

735-2 

758-9 

782-5 

Enin 


m 

121-3 

647-5 

661-9 

686-6 

710-8 

734 7 

758-6 

782-3 

E#l 


mSk 

130-7 

650-8 

660-7 

685-8 

710-2 

734 3 

758-2 

782-0 

B&; 

S. \ («■ 

HU 

138-4 

653-4 

659-5 

685-0 

IMWIM 

733-9 

757-9 

781-8 

HS9 


H 

144-9 

655-5 

658-3 

684-1 

709-0 

733 5 

757-6 

781-5 

805-3 

E ■’ JLI 

70 

150-5 

657-2 

657-0 

683-3 

708-5 

733-0 

757-2 

781-3 

805-1 

828-9 

80 

155-6 

658-6 

— 

682-4 

707-9 

732-6 

756-9 

781-0 

804-9 

828-8 

90 

160-1 

659-9 

— 

681-6 

707-3 

732-2 

756-6 

780-8 

804-7 

828-6 

100 

164-4 

660-9 

— 

680-7 

706-7 

731-8 

756-3 

780-5 

804-5 

828-4 

120 

171-8 

662-8 

— 

678-8 

705-5 

730-9 

755-6 

780-0 

804-1 

828-1 

140 

178-3 

664-2 

— 

677-0 

704-2 

730-0 

755-0 

779-5 

803-7 

827-8 

160 

184-2 

665-4 

_ 

675-0 

703-0 

729-1 

754-3 

779-0 

803-4 

827-5 

180 

189-5 

666 3 

— 

672-8 

701-7 

728-3 

753-7 

778-5 

803-0 

827-2 

200 

194-3 

667-0 

— 

— 

700-4 

727-4 

753-0 

778-0 

802-6 

826-9 

250 

205-0 

668-2 

— 

— 

697-1 

725-1 

751-3 

776-7 

801-6 

826-1 

300 

214-1 

668-8 

— 

— 

693-4 

722-7 

749-6 

775-5 

800-6 

825-3 

350 

222-1 

669-0 

— 

— 

689-4 

720-3 

748-0 

774-2 

799-6 

824-5 

400 

229-2 

668-8 

_ 

_ 

685-0 

717-8 

746-3 

772-9 

798-6 

823-7 

450 

235-8 

668-3 

— 

— 

080-3 

715-2 

744-5 

771-6 

797-6 

822-9 

500 

241-7 

667-8 

— 

— 

675-3 

712-5 

742-7 

770-3 

796-6 

822-1 

600 

252-4 

665-9 

— 

— 

— 

706-2 

738-9 

767-7 

794-6 

820-6 

800 

270-1 

661-0 

— 

— 

— 

692-2 

730-7 

762-1 

790-5 

817-3 

1,000 

284-8 

655-2 

— 

~ 

— 

674-7 

721-6 

756-2 

786-2 

814-0 

2,000 

335-4 

618-3 

_ 

_ 

_ 

_ 

648-5 

717-6 

761-6 

796-5 

3,200 

374-0 

501-1 


— 

— 

— 

— 

638-9 

720-3 

770-7 


To convert to foot-pounds per pound, multiply by 1400 
To convert to British Thermal Units per pound, multiply by 1-S. 
t,-t — degrees of superheat. 
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TABLE E 

Entropy of Superheated Steam 


Pres¬ 
sure 
lb./ 
sq. in. 
(abs ) 

V 

Satura¬ 
tion 
Temp. 
t a ° C. 

Entropy of Superheated Steam at Temperature— 

< = 150°C 

200° C. 

250° C. 

300° C. 

350° C. 

400° C. 

450° C. 

500° C. 

15 

100-6 

1-8169 

1-8712 

1-9191 

1-9624 

2-0019 

2-0384 

2-0722 

2-1037 

20 

108-9 

1-7839 

1-8386 

1-8868 

1-9302 

1-9699 

2-0064 

2-0402 

2-0718 

30 

121-3 

1-7370 

1-7926 

1-8412 

1-8850 

1-9248 

1-9614 

1-9953 

2-0269 

40 

130-7 

1-7030 

1-7595 

1-8087 

1-8527 

1-8927 

1-9294 

1-9634 

1-9950 

60 

138-4 

1-6762 

1-7335 

1-7832 

1-8275 

1-8677 

1-9046 

1-9386 

1-9703 

60 

144-9 

1-6539 

1-7121 

1-7622 

1-8068 

1-8472 

1-8842 

1-9183 

1-9500 

70 

160-5 

_ 

1-6937 

1-7444 

1-7892 

1-8298 

1-8668 

1-9011 

1-9329 

80 

166-6 

— 

1-6775 

1-7287 

1-7739 

1-8146 

1-8518 

1-8861 

1-9180 

00 

160-1 

— 

1-6631 

1-7148 

1-7604 

1-8012 

1-8385 

1-8729 

1-9048 

100 

164-4 

— 

1-6502 

1-7024 

1-7482 

1-7892 

1-8266 

1-8610 

1-8930 

120 

171-8 

— 

1-6270 

1-6805 

1-7269 

1-7683 

1-8060 

1-8405 

1-8727 

140 

178-3 

— 

1-6068 

1-6617 

1-7087 

1-7505 

1-7884 

1-8231 

1-8554 

160 

184-2 

_ 

1-5886 

1-6451 

1-6928 

1-7350 

1*7731 

1-8079 

1-8403 

180 

189-5 

— 

1-5720 

1-6302 

1-6786 

1-7212 

1-7595 

1-7945 

1-8270 

200 

194-3 

— 

— 

1-6166 

1-6658 

1-7088 

1-7473 

1-7825 

1 8160 

260 

205-0 

— 

— 

1-5868 

1-6381 

1-6821 

1-7213 

1-7568 

1-7896 

300 

214-1 

— 

— 

1-5611 

1-6146 

1-6599 

1-7997 

1-7357 

1*7687 

360 

222-1 

— 

— 

1-5379 

1-5943 

1-6408 

1-6812 

1-7177 

1-7509 

400 

229-2 

_ 

__ 

1-5162 

1-5761 

1-6239 

1-6650 

1 7019 

1-7354 

460 

235-8 

— 

— 

1-4957 

1-5594 

1-6086 

1-6505 

1-6878 

1-7216 

600 

241-7 

-— 

— 

1-4761 

1-5440 

1-5947 

1-6375 

1-6751 

1-7092 

600 

252-4 

— 

— 

— 

1-5151 

1-5698 

1-6140 

1-6528 

1-6875 

800 

270-1 

— 

_ 

— 

1-4634 

1-5274 

1-5758 

1-6166 

1-6526 

1,000 

284-8 

_ 

— 

— 

1-4122 

1-4908 

1-5444 

1-5874 

1-6247 

1,200 

297-3 

_ 

__ 

__ 

_ 

1-4565 

1-5165 

1-5625 

1-6012 

1,600 

318-2 

_ 

_ 

_ 

— 

1-3882 

1-4671 

1-5201 

1-5626 

2,000 

335-4 

— 

— 

— 

— 

1-3137 

1-4204 

1-4836 

1-5303 

2,400 

350-1 

_ 

_ 

— 

— 

— 

1-3730 

1 4497 

1-5019 

2,800 

362-9 

_ 

_ 

_ 

— 

— 

1-3224 

1-4169 

1-4759 

3,200 

374-0 

— 

— 

— 

— 

— 

1-2666 

1-3837 

1-4513 


Entropy is numerically the same in all temperature systems, 
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EXAMPLES II 

1. I.H.P., 617. 

2. (a) I.H.P., 6-09 ; B.H.P., 6 ; (6) 1*096 H.P. ; (c) 0-82, or 82 per cent. 

3. I.H.P., 18-8; 78-2 per cent. 

4. (a) 6-26; (6) 80*77 per cent; (c) 31-66 per cent; (d) (1) 26*67 per 
oent; (2) 6*09 per cent; (3) 30*09 per cent. 

6. I.H.P., 42*86 ; B.H.P., 30*39 ; mechanical loss, 12*47 H.P. ; mechanical 
efficiency, 70*9 per cent; oil per I.H.P. hour, 0*463 lb. ; per B.H.P. hour, 
0*6384 lb. 


Balance Sheet. Heat Flow per Hour 




B.Th.U. 1 
per hour 

Per 

Cent 

Heat supplied in oil fuol . 


349,200 

100 

Indicated work ....... 

B.Th.U. Per cent 

T . ,. J Useful work on brake 77,343 = 22*15 ) 
including i Mochanical i osa . 31,736 = 9 - 0 9 ( 

109,079 

31.24 

Heat to jacket cooling water 


101,600 

29*07 

Heat in exhaust gases and radiation 

(by difference) 

138,621 

39 69 

Total 

. 

349,200 

100*00 


6. (a) 167-3, and 38*94 lb. per sq. in.; (b) 12,423 ft-lb.; (c) G9 lb. per sq. in. 
and 41*4 I.H.P. ; (d) 35 per cent. 

7. (a) 0*2831 or 28*31 per cent; (6) 87*1 per cent; (c) 7,286 C.H.U. or 
46*8 per cent. 

8. (a) I.H.P., 60*88; B.H.P., 30*46; (6) oil 0*288 lb. and 0*48 lib.; 

(c) 2,158 B.Th.U. ; (d) 1,365 B.Th.U. ; (e) by difference, 629 B.Th.U. 

9. (a) 36*4 per cent; (6) 30*96 per cent; (c) 86*03 per cent. 

10. (a) 2*62; (6)17*53; (c) 0*85 or 85 per cent. 

11. Diameter 9J in. X stroke 14,^ in. 


EXAMPLES III 

1. 6 cu. ft. 

2. (o) 139*9 lb. per aq. in., 276*2° C. ; (6) 73*6 lb. per sq. in. 

3. 43*49 lb. per sq. in. ; 69,446 ft-lb. 

4. 417*8° F. (214*2° C.) 

6. 60,825 ft-lb. 

6. (o) 46,026 ft-lb. ; (6) 43,062 ft-lb., and 412*6° F. 

7. (1) 841b. per sq. in. ; (2) 36,845 ft-lb. ; and (3) 26*3 C.H.U. 

8. (a) 3641b. per sq. in. ; 359*24° C. ; (6) 89,300 ft-lb.; (c) rejected, 

15*94 C.H.U. or 28*69 B.Th.U. 

9. (a) - 88*8° F.; (6) 151,866 ft-lb.; (c) heat received by air, 42 C.H.U., 
or 76*6 B.Th.U. 

10. 42,660 ft-lb. and 15*2 C.H.U. 
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11. 1,824 ft-lb.; 0-1326 cu. ft. 

12. 19,880 ft-lb., and 14-2 C.H.U. 

13. (a) 414° F., 46,648 ft-lb. ; (6) 84-262 B.Th.U., 19,000 ft-lb. (e) 60,000 
ft-lb. (Here, 46,648 + 19,000 = 66,648 ft-lb. = 84-262 X 778) 

14. C = 0-24626 ; C v = 0-1732 ; and y = 1-416. 


EXAMPLES IV 

1. 0-037. 

2. 47-05 C.H.U., and gain 0-094. 

3. (a) 68,466 ft-lb. ; 48-9 C.H.U. ; entropy loss 0-179 ; ( b) 71,480 ft-lb.; 
26-53 C.H.U. ; entropy loss 0-074. 

4. 0-5, or 60 per cent. 

6. 28-64 lb. per sq. in. 

6. (a) 0-6345, or 53-45 per cent; ( b ) 0-4489, or 44-89 per cent. 


EXAMPLES V 

1. (a) - 110° F. ; ( b ) 31,670 ft-lb. ; 39-78 lb. per sq. in. ; (c) 3-406 cu. ft. 
13-62 cu. ft. 

2. 8-44 B.H.P. 

3. (a) 64,860 ft-lb. (approx.); (6) 49,660 ; (c) 407-6° F. 

4. 76-7 B.H.P. 

6. [ a ) Air H.P., 64-6; B.H.P., 63-5. 

6. Diameter, 8-232 in. ; stroke, 30 in. 

7. (a) 71,850 ft-lb. and 25-66 C.H.U. ; ( b) 68,060 ft-lb. and 32-4 C.H.U. 

8. Air I.H.P., 69-74; stroke, 12 in. ; diameter, low pressure cylinder, 
12-11 in., high pressure cylinder, 4-22 in. 

9. 93-91 lb. per sq. in. ; air I.H.P., 2-33. 

10. 0-84. 


EXAMPLES VII 

1. 10-736 lb., and excess air 7-032 lb. 

2. Air, 0-957 cu. ft. ; dry products, CO a , 14-65 ; O a , 4-04 ; N a , 81-31 per 
cent. 

3. Air, 1-2823 cu. ft. ; 7-25 per cent; dry products : CO„ 13-3 ; O t , 5-6; 
N 2 , 81-2 per cent. 

4. 15-43 : 1. 

6. (o) 8-4 per cent; (6) 17-865 lb. ; (c) 18-83 lb. 

6. (a) 14-63 per cent, 8-82 per cent ; ( b ) 1,254 C.H.U. ; (c) 444 C.H.U. 

7. Air, 17*9 lb. ; flue gas, 18-856 lb. per pound of coal. 

8. (a) 10,833 and 10,097 C.H.U. per lb. ; (6) 19,600 and 18,175 B.Th.U. 
per lb. ; (c) 170,625, and 159,030 B.Th.U. per gallon. 

9. 294 and 258-9 C.H.U. per cu. ft. at N.T.P. 

10. (a) 82-9, and ( b ) 30 per cent; ( c) 0-73 lb. ; ( d) 24-9 per cent. 

11. (a) 1-37 cu. ft. ; (6) 77 percent; (c) 0-832 lb. ; ( d ) 29-65 per cent; 
(e) 22-84 per cent. 

12. 70 per cent; CO, 34-6 ; N a , 65-4 per cent; 119 B.Th.U, per cubio foot. 

13. (o) 0-726 lb.; (6) I.H.P., 117 ; (c) 87*26 per cent; (d) 27-66 per cent ; 
(e) 24 per cent. 


EXAMPLES VIII 

1. 0-403; 20-98 cu. ft. 

2. (a) 12,423 ft-lb.; (6) 41*4; (c) 35-5; (d) 09-5. 
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3. 98*5 lb. per sq. in. 

4. 0-611; 0-322 lb. 

6. 46-1 C.H.U.; 18,620 ft-lb. 

6. 7-4 in. diam.; 11-1 in. stroke. 

7. 9-7 in. 

8. 6-89 C.H.U.; 74 per cent. 

9. 10-8 in. 

10. (a) -0*0222; (6) 0-1586. 

11. 42-5; 34-8. 

12. 8-3 per cent rich (calculated on petrol). 

13. 19-7; 79-8 per cent. 

14. (a) 83 per cent; (6) 33-2 per cent. 


(c) Hbat Balance for the Engine per Minute 



B.Th.U. 
per Min. 

Per 

Cent 

Heat supplied in fuel ...... 

3,166-6 

100 

Indicated work ....... 

1,047-7 

33-2 

B.Th.U. Per cent 

r i j- 3 Work on brake . 869*6 = 27*66 ) 

Including j Meehanical los3 . 178 . 2 _ 5 . 64 j 



Heat to jacket cooling water ..... 

784-5 

24*9 

Heat in exhaust gases ...... 

1,230-7 

39*0 

Radiation loss, etc. (by difference) .... 

92-7 

2-9 

Total. 

3,155*6 

100-0 

15. (a) I.H.P., 27-76 : (b) 24-36; (c) 87-76 

per cent 

thermal 

efficiency, 27-24 per cent; ( d) ideal air cycle 0*51, or 61 per cent; 

efficiency 

ratio, 63*4 per cent. 

( e ) Heat Balance Sheet for the Engine 



C.H.U. 

Per 


per Min. 

Cent 

Heat supplied by gas ...... 

2,401-7 

100 

Indicated work ....... 

654*3 

27-24 

C.H.U. Per cent 
, . ,. \ Usoful work on brake 674*2 = 23*91 \ 

Including j Mechanical log8 . 80 -l = 3-33 \ 

654*3 = 27-24 



Heat lost to cooling jacket water .... 

786*6 

32-75 

Heat loss in exhaust and radiation (by difference) 

960-8 

40-01 

Total ...... 

2,401-7 

100-00 


16. 52-5° F. 

17. (a) 86 H.P., (b) 130, (c) 83 lb, for y = 1-4 and C 9 = 0-24. 





650 


APPLIED THERMODYNAMICS 


EXAMPLES IX 

1. (a) 618-4 C.H.U., (b) 747-4 C.H.U., (c) 644-6 C.H.U., ( d) 668-2 C.H.U. 

2. 6,639 C.H.U., 670 C.H.U. 

3. 667-1 C.H.U., 611-4 C.H.U., 143° C. 

4. 9-466 lb. 

6. (a) dryness 0-423, (6) 20-1° C. superheat. 

6. 293-6® C., 7 in. and 10} in. 

7 QQ'i.'l 0 P 999. d° P 

8*. 663 C.H.U. per lb.’; 114 C.H.U.,- 91 C.H.U. 

9. 0-98; 0-83; 1-138. 

10. 0-988; 0-936. 

11. 1-094 C.H.U. 

12. 1131b.; 0-32. 


EXAMPLES X 

1. (a) 90,200 ft-lb., 12*8 per cent; (6) 95,460 ft-lb., 12-2 per cent. 

2. 19-9 lb. 

3. Rankine efficiency, per cent *. 13*3, 13-45, 13-77, 14-31. 

Actual efficiency, per cent: 6-0, G-49, 7-23, 8-3. 

4. Rankine efficiency, 26-5 per cent. 

Boiler ,, 80 ,, 

Mechanical „ 85 ,, 

Efficiency ratio, 65 „ 

Overall efficiency, 11 *27 „ 

6. Dryness fraction, 0-95, 542 H.P. 

6. 13 per cent. 

7. 0-866. 

8. Diameter 16-75 in., stroke 30 in. 

9. 72*1. 

10. 0 0631b. 

11. Dryness fraction, 0-883 ; 1-84 C.H.U. 

12. Diameter of H.P., 13-25 in., L.P., 26-75 in. ; stroke, 36 in. 

13. Diameter of H.P., 15-25 in., L.P., 26-25 in. 

14. Curve. 


EXAMPLES XI 

1. (a) Dryness 0-79 ; 3,915 ft. per sec. ; (6) 0-828, 4,000 ft. per sec. 

2. 3,493 ft. per sec., 3,730 ft. per sec. 

3. 0-159 in., 0-187 in. 

4. 0-366 in., 0-466 in. 

6. 14-88 lb., 13-56 lb. 

6. Dryness 0*972, 0-0734 lb. per sec., 10-7 per cent. 

7. 0-378 in., 0-468 in. 

8. 0-0835 lb. per sec. 

9. 1-133; 86-6 lb. per sq. in.; 1,462 ft. per sec. 


EXAMPLES XII 

1 OQ4 pr P OQO 

2. 26°, 205 ft. per sec. at 101°. 

3. 18-45 C.H.U., 65-6 per cent. 

4. 26-7 lb-ft., 4,255 rov. per rnin., 12-2 h.p. 

6. 3,480 ft. per sec., 30°, 136,714 ft-lb. 

6. 340 ft. per sec., 52 H.P., 23-5°. 

7. 400 ft. per sec., 79 per cent. 
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8. 1,710 ft. per sec., 60*5 H.P., 73 per cent. 

9. 4-3 H.P. 

10. Heat drops: 49-6, 51-4, 109 1 C.H.U. 

Work done: 39-2, 39-2, 78-4 C.H.U. 

11. 1*04, 10-2 lb. per H.P.-hour, 19-8 per cent. 

12. 64 per cent, 0*9, 0-87. 

13. 36 1b. persq. in.; 11 C.H.U.; 0 93 C.H.U.; 12. 


EXAMPLES XIII 

1. Air 0*5 lb. per min.; Vapour 0*57 lb. per min. 

2. 0*15; 0-93; 4,980 lb. per min. 

3. 286 cu. ft. per min. 

4. (a) 187,400 1b.; (6) 30 ft. 

5. 2,110 H.P.; 0-226 

6. (a) 664 C.H.U.; ( b) 128-2 C.H.U.; (c) 0-2. 

7. 0-42 ; Rankine efficiency, 0-34. 

8. 1-51 cu. ft.; 1,010 B.Tli.U. per min. 

9. 31,500; 585 lb. per hour. 


EXAMPLES XV 

1. (a) 22-9 I.H.P.; (6) 38-2 I.H.P. 

2. 172-5 B.Th.U. per lb. of ice; 4-13T.H.P. 

3. (a) 16,727 ft-lb.; (b) 36-81 B.Th.U.; (c) 1-712. 

4. (a) 32,060 C.H.U.; (b) 49-164 C.H.U. per hour; (c) 0-907. 

5. (a) 8-77; (b) 8-29; (c) 8-28. 

6. (a) 1,150 B.Th.U. per min.; (b) 1,180 B.Th.U. per min. 


EXAMPLES XVI 

1. 785 B.Th.U. per hour. 

2. 29-2 B.Th.U. per hour. 

3. 8,670 B.Th.U.; 62-2° and 30-2° F. 

4. 82-4 lb. per hour. 
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Abel, Sir Frederick, on explosion, 
202 

Absolute— 
humidity, 103 
pressure, 3 
partial, 89 

temperature, 58, 69, 107, 122, 126 
zero, 8, 59 
Absorption— 

ammonia refrigerating machine, 
581-3 

heat of, 223 

ideal process in refrigoration, 583 
Absorptivity, 608 
Acceptance tests, turbine, 536 
Adiabatic— 

compression, 52, 71-3, 114, 202. 
See also Expansion 
change of temperature, 72 
change of total heat, 88 
curve, 71, 83 
elasticity, 187 

expansion, 51, 55, 71-3, 112, 113. 
See also Compression 
and total heat, 54 
of perfect gas, 70 3 

with variable specific heats, 
297 

of steam, 394-7 

frictionlc8s flow through noz¬ 
zles, 452-9, 461 
Zouner equation, 458 
operation of a perfect gas, 70 
Air— 

at constant pressure, 234 
characteristic equation, 59- 61 
composition of, 195 
compressors, 144 et seq. 
output of, 190 

consumption in engine, 294, 295 
measurement of, 285 
curve, 187 

cycle heat pump, 597 
engine— 

Ericsson regenerative, 134 
Joule’s, 134 
Stirling’s, 131 
free, 185 
motor, 144 

compressed, 147 
rotary (gas turbine), 170 
-petrol mixtures, 20 
required in combustion, 195-9 
saturated, 101 


Air ( contd .)— 

standard cycle, 259, 261, 269 
wet, 101 

Airloss injection— 
oil ongine, 279-82 
system (Ricardo), 284 
Akroyd, Stuart, automatic compres¬ 
sion-ignition, 279 
Alcohol, uso in ongines, 339-41 
Alcohols as motor fuel, 225 
Amagat, isothcrmals, 65 
Ammonia, 52 

absorption refrigerating machino, 
581 

Analysis— 

flue gas, 205, 541 
proximate, 201 
ultimate, 201 
volumetric, 90 

Andrews, Prof. Thomas, on carbon 
dioxide, 95, 97 
Angular velocity, 32, 35, 46 
Annular space, velocity of water 
entering, 470 
Anthracite, 200 
Anti-detonator, 337 
Apparatus, Orsat, 205 
Arbitrary zero, 122 
Aromatic hydrocarbons, 222 
Ash- 

after combustion, 543 
i content of fuel, 254 
I Atkinson cycle, 255, 270, 334 
Atmosphere, pressure standard, 3 
Atom, 60 

Atomic weight, 60, 193 
Attraction, molecular, 63 
Automatic ignition, by compression 
of air, 279 
Available— 
energy, 231 

heat of combustion, 227 
Avogadro’s Law, 60, 107, 194 

Back pressure, 176 
Baker, Prof., explosion mixture, 203 
Barnes and Callendar, determination 
of “J,” 43 

Beau de Rochas, 272 
Beckmann thermometer, 220 
Bell, Coleman and Lightfoot, refri¬ 
gerating machine, 551-3 
Benson steam generator, 527 
Benzene, 200 
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Benzene-air mixtures, maximum 
temperature with dissociation, 
316-17 

Benzol, 225, 228 
Bernoulli— 
equation, 181 
theorem, 180, 184 
Binary vapour cycle, 527-9 
Bituminous coals, 199 
Blade- 

fixed guide, 170 
speed, 480 
Blowers, 161 
Boiler trials, 539-48 
Bomb calorimeter, 219 
Bono, Prof., W. A., combustion of 
hydrocarbons, 204 
Bottle-neck vaporizer, Akroyd 
Stuart, 280 

Bourdon pressure gauge, 3, 28 
Bouvlin’s method of drawing T-<j> 
diagrams, 438 40 
Boyle’s Law, 58-60, 64, 69, 107 
Boys, Prof. C. V., gas calorimeter, 231 
Brako. See also Dynamometer — 
horse power, 35, 219 
measurement, 346 
hydraulic, 36 

mean effective pressure, 33 
power, 30 

lteynolds-Froude hydraulic, 37 
rope, 34- 6 

thermal efficiency, 45, 46 
water, 36 

British Standard Code for Flow 
Measurement, 188 

British Thermal Unit, 9, 41, 43, 46, 61 
Bunto, Dr., decomposition of steam, 
241 

Burstall, Prof. F. \V., optical indi¬ 
cator, 24 

Calibration curve, 7 
Callendar, 8, 20, 52, 65, 66, 98, 100, 
126 

and Barnes, 43 
and (Griffiths, 7 
and Nieolson, 100 
characteristic equation, 97, 99 
formula for total heat of steam, 384 
relation between pressure and 
temperature of steam, 377 
steam chart, 390 
Calorie, 567 

Calorific value, 196, 219, 540 
and latent heat, 245 
at constant pressure and volume, 
245 

calculation of, 223, 235-7 


Calorific value ( contd .)— 
determination of, 231-5 
general formula, 223 
higher and lower, 221, 232 
of carbon, 223 
of coal gas, 48 
of gases, 196, 239 
of hydrocarbons, 222 
of liquid fuels, 225, 226, 229, 230, 
234, 292, 
of solid fuels, 200 
Calorimeter— 
bomb, 219-21 
gas, 231-3 
separating, 402 
throttling, 401 
Cannel coal, 199 
Carbonic acid, 52, 204 
properties, 95, 593 
refrigerating machine, 556-8 
Carbon monoxide, calorific value of, 
236 

Carburation, 342-6 

effect of chango of altitude, 345 
Carnot, 112, 117 

cycle, 112, 117, 122, 123, 125, 133, 
254-5 

roversibility of, 114-16 
with perfect gas, 112-17 
with steam, 408 
with vapour, 118-20 
efficiency, 144, 254, 518 
Carnot’s axiom, 112 
Carnot’s principle, 115, 122 
Carry-over, 490 

Cascade method of refrigeration, very 
low temperatures, 587 
Cathode-ray engine indicator, 27 
Centigrade scale, 6 
Centrifugal— 
flow, 161 
forco, 34, 36 
Change— 
adiabatic, 88 
constant pressure, 89 
constant volume, 89 
isothermal, 88, 128 
of entropy, 125 

with variable specific heats, 299 
Characteristic equation, 59, 60, 61, 
97-100, 107, 397 
Charles’s Law, 58 

Chimney, height and draught, 214, 
216 

Clapeyron, 112 / 
equation, 119^, 409 
Clausius— 
axiom, 116 
theorem, 125 
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Clearance— 

steam, weight of, 433 
volume, 15, 152 

Clerk, Sir Dugald, specific heat at 
high temperatures, 303 
Closed circuit gas turbine, 371 
Coal- 

composition of, 201 
gas, 231, 238 

calorific value of, 48, 236 
Coefficient of— 

discharge, 178, 186, 188 
expansion, 66 
friction, 33, 34 

performance, 548-50, 552-6, 560-7 
cold-air machine, 552 
Cold-air machine, 551 
Combustion— 

air required, 195-9 
air supplied, 205-11 
chamber efficiency, 294 
chango of volume, 164 
conditions for, 201 
delay period, 276, 283 
equations, 194, 196, 247, 310 
formula for air supplied, 210 
heat of, 219 
in C.I. enginos, 283 
incomplete, 206, 207, 211, 215 
in petrol engines, 276 
products of, 198, 206, 354 
dissociation of, 315, 316 
rapid, 201 
slow, 204 

temperature of, 212 
Combustion and moisture, 213 
Compensating jet, 344 
Composite cycle, 255, 265 
efficiency of, 269 
Composition—- 
of air, 195 

of gaseous fuels, 239 
Compound— 

compression in refrigeration, 579, 
581 

endothermic, 223 
engine, 115 
steam engines, 440 
Compressed-air motor, 147 
Compressibility, 187 
Compression— 

adiabatic, 71, 114, 202 
compound, in refrigeration, 579-81 
curve, 13, 84 

-ignition engine, combustion in, 283 
isentropic, 163 
isothermal, 112, 113 
multi-stage, in gas turbino, 367-71 
poly tropic, 163 


Compression (contd .)— 
ratio, 13, 288, 333-5 

effect in gas turbino, 365-9 
offect on composite cycle, 268, 
365 

effect on thermal efficiency, 320, 
334 

highest usoful, 336 
Compressor— 
air, 144, 155 
axial flow, 161 
cooled rotary, 166 
effect of clearance volume, 152, 
153 

efficiencies, 146-7 
free air dolivery, 146 
isentropic efficiency, 164, 167, 

169-71 

isothermal efficiency, 146, 147, 167 
multi-stage, 150 
output measurement, 190 
piston typo, 162 
poly tropic efficiency, 165, 173 
positive displacement type, 161 
reciprocating, 144 
rotary, 161, 170 
system efficiency, 148 
turbo-compressor type, 161 
uncooled rotary, 162 
volumetric efficiency, 154 
Condensers, 112 

classification of, 506 
Condensing, 505 
air removed in, 510 
effect of Kankine cycle on 
efficiency, 412 

weight of cooling water, 508-12 
Condition curvo, 497-8 
isentropic, 51 
Conditions—- 

governing combustion, 201 
governing dotonation, 335-6 
Conduction—- 

general equation for, 621 
law of, 609 
Conductivity, 609 
Conductors, series of, 613 
Conservation of energy, 41, 50, 51, 53, 
240 

Constant— 
gas, 59 

pressure, 9, 58, 67 
change, 89 
cyclo, 255, 261 

determination of specific heat 
at, 304 

heat transfer at, 54 
system, gas turbine, open circuit, 
361 
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Constant ( contd .)— 
temperature—- 
cycle, 255 
line, 576 

universal gas, 61, 62 
volume, 66 
change, 89 
cycle, 255, 256 

determination of specific heat at, 
304 

heat transfer at, 54 
Consumption curve, 329, 348 
loops, 326 

Contra-flow condensers, 506 
Contraction of volume in combustion 
of gases, 259, 260 
Control of rate of combustion, 204 
Convergent-divergent nozzle, condi¬ 
tion for maximum flow, 458 
Cooled rotary compressor, 166 
Cooling, 162 

ofleet, 8, 65, 98, 589 
Joule-Thompson, 65,66 
regenerative, 588-90 
water — 

jet condenser, 511-13 
surfaco condenser, 50811 
Correction factor, 189, 537 
Counter current flow, 618 
Couple, thermo-electric, 7 
“Cracking,” 225 
Criterion, Reynold’s, 187, 188 
Critical— 

point, 58, 96, 98, 525, 575 
pressure, 176 

in throat of nozzle, 457 
temperature, 58, 96 
Crosby indicator, 16 
Crossloy gas engine, 46, 272 
Crude— 
oil, 200 

petroleum oil, 224 
shale oil, 225 
Curve— 

adiabatic, 71, 83 
calibration, 7 
compression, 13, 84 
consumption, 348 
correction, 536 8 
expansion, 11, 83 
isothermal, 58, 69 
liquid, 187 
performance, 348 
Curved-tube manometer, 3 
Curves, law of, 10 

Cut-off governing, steam engines, 
427 

Cycle— 

air, for heat pump, 597-600 


Cycle (contd .)— 
air standard, 259 
Atkinson, 270 
Beau de Rochas, 272 
binary vapour, 257 
Carnot, 112, 117-18, 122-3, 133, 
254-5, 408-9, 548 
composite, 265 
constant pressure, 261 
constant volume, 256 
Diesel, 262 
dual combustion, 265 
Ericsson, 134, 368 
gas turbine— 

closed circuit, 371 
multistage, 367 
open circuit, 361 
idle, 49 

Joule, 134-5, 363, 551 
Otto, 272 

practical I.C.E., 272-82 
Rankine, 411 
regenerative, 517 
reversible, 114-17, 133, 548-51 
Stirling, 133 

temperature determination, 311 
two-stroke, 274, 276, 278 
vapour compression, 555 
Cylinder— 
constant, 29 

volume, ratio in, of steam engine, 
442 

Dalby, Prof., 99, 217 
Dalby-Watson indicator, 21 
Dalton’s Law, 89, 91, 92, 100, 108 
D’Arsonval galvanometer, 7 
Davy, Sir Humphrey, 202 
Degreo of reaction, 493 
Degrees of freedom, 109 
Delivery, free air, 146 
Density, 187 
Detonation, 203 

and pre-ignition in engines, 335-7 
Dew point, 101 

Diagram factor, steam engines, 430 
Diagrams— 

indicator, 28, 47, 112, 144, 154 
p-v , 163, 171. See also Indicator 
diagrams 

pressure-crank angle, 271, 275, 

283 

T-<£, 124, 125, 129, 135, 145, 163, 
171 
Diesel— 

cycle, 255, 262 
engine, 276-9 
Diffuser guide blades, 161 
Dimensional homogeneity, 627-8 
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Dimensions of thermal quantities, 
622-7 

Discharge, coefficient, of, 178, 186,188 
Dissociation, 302, 315, 316 
Distillation, fractional, 229 
Distribution of pressure drop in 
steam cylinders, 443 
Dixon and Coward, ignition tempera¬ 
tures of gases, 203 
Draught, 218 

dimensions of chimney, 214-17 
forced, 218 
induced, 218 
natural, 213 

Dry saturated steam tables, 634-6 
Dry saturated vapour, 94 
Dryness fraction, 95, 385 

effect of separating calorimeter, 402 
effect of throttling, 401 
Dual combustion cycle, 265 
Dynamometer, 33, 346 
Froude-hydraulic, 38 
Heenan-dynamatic, 40 
Heonan-Froude, 38-40 
swinging-field, electric, 40 
Dyne, definition of, 2 

Effect— 

cooling, 8, 65, 98, 589 
of compression ratio on thermal 
efficiency, 320, 334-5 
Efficiency, 32-5 

benzene-air mixtures, 320-2 
Carnot, 114, 254 
combustion chamber, 294 
compound steam turbine, 498 
compressed-air system, 148-9 
effect of gas compressor and tur¬ 
bine on plant, 365 
from air consumption, 293-6 
gas-turbine system, 363-70 
heat engine, 45, 117 
highest, for refrigeration, 550 
impulse turbine blading, 477 
in impulse stage, 488-90 
isentropic, 164, 167, 169-71 
compression, 165 
compressor, 363 
turbine, 363 

isothermal compression, 146, 147, 
167 

liquid hydrocarbon fuels, 319 22 
mechanical, 30-3, 45-8, 50 
oil engine, 348, 349, 360 
petrol engine, 350 
polytropic, 165, 171-2 
ratio, 568 

reaction turbine, 491-3 
blading, 493-5 


Efficiency ( contd .)— 

reciprocating compressor, 144 
rofrigorating, 550 

thermal, 48, 51, 114, 116, 125, 133, 
135, 154, 245 

velocity compounded stage, 484-6 
volumetric, 154, 228, 285-9, 574 
Ejector condensers, 507 
Elasticity, adiabatic, 187 
Electro-dynamometer, 346 
swinging-field, 40 
Electrical indicator, 16, 24 
Electrolysis, 193 
Electron, 60 

Emmissivity (emmissivo power), 608 
Endothermic compound, 223 
Energy — 

conservation of, 41, 50 -3, 240 
curves, 308-11, 318 
definition of, 5 
equation, 127, 254 
graphic representation of, 120 
heat, 61, 62 

internal, 51, 53-4, 62-3, 71-3, 
92 -3, 108, 113-14, 120-1, 307-11, 
317-18 

kinetic, 52-3, 63, 107-9 
total, of a fluid, 52 3 
vibrational, 109-10 
Engine— 
air, 131, 134 
compound, 115 
compression-ignition, 279 
Crosslev gas, 46, 272 
Diesel, 276 
gas, 8, 31, 272 

mechanical losses in, 46 
hot-air, 131 
ideal, 112 
indicator, 16 
multi-cylinder petrol, 32 
petrol, 8, 275 
steam, 8 
Still, 357-61 
testing, 346, 532-61 
Entropy, 124 
change of— 

during throttling, 404 
with variable specific heats, 
299 

for perfect gas, 127-9 
for steam, 384 
for water, 384 

-temperature diagrams, 124. See 
also Temperature-entropy dia¬ 
grams 
Equation— 

Bernoulli, 181 
Callendar, 97, 99 
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Equation (contd .)— 

Clapeyron, 119, 409 

combustion, 194, 196, 247, 310 

conduction, 621-2 

enorgy, 127 

gas, 59-61, 98 

Joule, 121 

of steady flow, 53, 64, 170, 174 
steam, 97-100, 397 
Van-dor-Waals, 97 
Equilibrium, 62, 101, 106, 120, 242 
Equivalence, 41, 44 
Equivalent-— 
thermal, 44, 55 
torque, 32 

Equipartition of energy, theorem of, 
109 

Erg, definition of, 4 
Ericsson— 
cycle, 368 

regenerative air engine, 134 
Errors in indicator diagrams, 18 
Escher Wyss closed cycle, 37 1 
Ethyl alcohol, fuel, 295, 339-41 
Evaporative condenser, 507, 513-15 
Excess air, 195-7, 206-8, 212 
Exhaust products, mean specific heat 
of, 354 

Exhaust steam blast, 218 
Expansion— 
adiabatic, 51 
and total work, 54 
curve, 11, 83 
free, 62-3 
ison tropic, 170 
isothermal, 52, 73, 113 
law of, 11 
of a fluid, 54-5 
of a gas, 71-3, 112-13 
of steam, 100 
ratio, 13, 132 

effect on thermal efficiency, 
334-5 

Experiments, porous plug, 63 
Explosion, 202 
External furnace, 134 
Ewing, Sir Alfred— 

equation for specific heat of gas, 
306 

on refrigeration, 567, 571 

Fahrenheit temperature scale, 6 
Feed water heating, 517-22 
Firo damp, 238 
Firing methods, 202 
Fixed- 

blades, 161, 170, 483 
gas, 200 

points of thermometer, 6 


Flame, velocity of propagation, 202 
Float chamber, altitude control, 345 
“Flooding” of carburettor, 230 
Flow— 

equation, correction for moisture, 
189 

formula for gases, 178 
isentropic, 180-1 

measurement, Standard Code, 188 
steady, 64 
turbulent, 187 

Flue gas analysis, 205, 541-2 
Fluid- 
friction, 63 
steady flow of, 53 
total onorgy of, 52 
Force— 

centrifugal, 34, 36 
units, 2 

Forced draught, 218 
Formaldehyde, 204 
Formic acid, 204 
Formula — 

for total heat, 383 
general flow, 178 
Fraction, dryness, 95 
Fractional distillation, 224 
Fractionation, 200 
Free— 
air, 185 

delivery, 146 
-burning coals, 200 
elements, 235 
expansion, 62-3 
Freedom, degrees of, 209 
Friction— 

effect in nozzle, 459-62 
fluid, 63 
hydraulic, 37 

internal, in compressors, 162, 166, 
170 

loss, 50 

Froudo, William, 36 

hydraulic dynamometer, 38 
Fuel- 

air ratio, 322-30 
analysis, 540-1 
combustion, 195 
consumption, 325 -6 
engine, 337-41 
gaseous, 231-45 

injection methods, compression- 
ignition engines, 284 
liquid, 224, 337-41 
oil, 200 

result of test on, 338 
solid, 199-201 
Fundamental interval, 7 
Furnace, external, 134 
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Gallon, American and British 
standard, 2 

Galvanometer, d’Arsonval, 7 
Gas- 

calorimeter, 231 
coals, 199 
constant, 59, 67 
universal, 61-2 
consumption, 245 
engine, 8, 31 ! 

Crossley, 46, 272 i 

conditions for maximum effici- ! 
ency, 273 

effect of mixture strength, 322 
mechanical losses in, 46 
equation, 98 
flow through nozzle, 174 

practical measurement of, 184 
general flow formula, 178 
perfect, 58, 60, 62 

characteristic equation, 59 
constants, 59, 61-2 
pressure, 106 
producer, 239, 242-3 
thermometer, 6- 7 
turbine, 170, 361-72 
Gaseous fuels, 231 
Gauge, pressure and vacuum, 3 
General flow formula for gases, 178 
Governing— 

compound steam engine, 445 
compression-ignition engine, 332 
fuel-pump, 332-3 
gas engines, 330-1 
“hit-and-miss,” 330 
petrol engine, by throttling, 331-3 
qualitative, 332 
quantitative, 331 
steam engine, 426 

effect on ideal indicator diagram, 
426-8 
Gramme— 

calorie, 9, 42, 43, 61 
molecule, 61 
Griffiths, Prof. E. H.— 
calculation of “J,” 43 
formula for saturated steam, 383 
Gross calorific value, 221 

Hahn, Oscar, 242 
Heat— 

absorption, 223 
balance, 346 
in boiler, 539-41 
in gas engine, 355 
in oil engine, 437, 532 
in petrol engine, 355 
in refrigerator, 606 
in steam engine, 437, 532-5 


Heat ( contd .)— 

balance in steam turbine, 535-9 
capacity for, 42-4 
distribution in I.C. engine, 356 
drop— 

during adiabatic expansion, 54, 
55 

during supersaturated expan¬ 
sion, 465 
energy, 61, 62 
of fuels, 227-8 
engine— 

definition of, 1 
efficiency of, 45 
flow— 

counter-current, 618-20 
general equation, 621 
parallel-current, 620 
through condenser tube, 616 
through evaporator tube, 617 
through lagging, 611 
through series of conductors, 
613-5 

through thick hollow cylindor, 
609 

through thick spherical shell, 611 
turbulent, 628 9 
viscous, 628 
latent, 94-126 

at constant pressure and volume, 
245 

of hydrocarbons, 338-9 
of oil fuels, 230 
of rofrigerants, 592 
of steam, 232, 378 
loss— 

through cooling system, 350 
through exhaust gases, 350 
through radiation, 351 
mechanical equivalent of, 40-4 
molar, 68, 247 
of combustion, 219, 228 
pump, 550, 595 

air cycle for, 597-600 
for space heating, 595 
radiation, 608 

rate of reception or rejection— 
with constant specific heat, 80-3 
with variable specific heat, 298-9 
sensible, 202 

specific. See under Specific heat 
total. See under Total heat 
transfer, 608. See also Heat flow 
at constant pressure and volume, 
54, 89 

steady film, 615 
units of, 8, 9 
volumetric, 93 

Heating effect with hydrogen, 05 
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Heenan-Froude dynamometer, 40 
Height of turbine blading, 496-7 
Highor calorific value, 221 
Highest useful compression ratio 
(Ricardo), 336 

Hodgson, J. L., measurement of gas 
flow, 186-8 

Hopkinson, Prof. B.— 

mechanical and pumping losses, 
46' 50 

optical indicator, 24 
Horse-power, 4 
brake, 30, 35, 219 
cut-off governing, compound 
engines, 445 
electrical, 4 
-hour, 5 

indicated, 16, 28, 29, 47 
metric, 4 

Hospitalier-Charpontier, optical in¬ 
dicator, 20 
Hot-air engine, 131 
Howden, forced-draught system, 218 
Humidity—- 

absolute and relative, 103 
of air supply, 543 
Hydraulic— 

brake (Reynolds-Froude), 36-7 
dynamometer, 38 
friction, 37 
Hydrocarbons— 

calorific value of, 222 
fractional distillation of, 224 
properties of, 228 
Hydrogen— 

calorific value of, 236 
thormometer, 7 

Ideal— 

cycles, 255-71. See also Cycles 
efficiencies, 114, 255, 257, 262, 263, 
266, 269, 271 

efficiency, benzene-air mixtures, 
320-2 

efficiency, liquid hydrocarbon fuel, 
319-22 
engine, 112 

indicated thermal efficiencies, 322 
producer gas, 243 
reversed cycle, 114, 548 
theoretical refrigerating machine, 
571 

Idle cycles, 49 
Ignition point, 203 

relation to mixture strength, 323-4 
timing of, 276 
Impeller blade, 161 
Impulse turbine, 477 
blading, 477, 496 


Incomplete combustion, 211 
Increase of specific heat with tem¬ 
perature, 302-7 
Indicated— 

horse power, 16, 28-9, 47 
measurement, 347 
mean effective pressure, 295 
thermal efficiency, 45, 295 
Indicator— 
cathode-ray, 27 
Crosby, 16 
Dalby-Watson, 21 
electrical, 16, 24 
Hopkinson, 24 
optical, 16, 19, 24, 47 
Perry, 20 

piston-and-pencil type, 16, 24 
Watson, 20 

Indicator diagrams, 16, 47 
air compressor, 144, 154 
air injection cylinder, 278 
airless injection (Ruston) engine, 
281 

application of dry steam curve to, 
432 

application to temperature-entropy 
curves, 438 

Carnot cycle, with perfect gas, 
112 

combustion in C.I. engines, 283 
comparison of actual with ideal, 
429 

effect of governing on, 426 
electrical, 26 
errors in, 18 
gas engine, 272 
injection timing, 282 
mean, 28 

mean effective pressure from, 424-5 
petrol and C.I. engines, 275, 327 
Scott-Still marine oil engine, 358- 
61 

steam engine, 425-30 
theoretical— 

for compound engine, 441 
for steam engine, 424 
steam consumption from, 425 
with pre-cooler, 577 
Induced draught, 218 
Inertia losses, 155 
Inflammability, range of, 204 
Injection timing, 281 
Inter-changer, 66 
Inter-cooler, 150, 162 
Internal energy, 51, 63-4, 62-3, 71-3, 
92-3, 108, 113-4, 120-1, 307-11, 
317-8 

curve, 308, 311, 318 
Internal work, 62 
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Isentropic— 

compression, 163-5 
condition, 51 
efficiency, 164, 167, 171 
expansion, 170 
flow of steam, 180-1, 466 
Isentropics, 124 
Isothermal— 
change, 88, 128 

compression, 52, 112-3, 146, 147 
curve, 57, 69 
expansion, 52, 73, 113 
operation, of a perfect gas, 69 

Jet condensers, 506, 511 
Joule— 

air ongine, 134 
reversed, 551 

equivalence of heat and work, 40-2 
on internal energy, 62 
unit of work, 4, 43 
Joule and Thompson, cooling effect, 
8, 65 

porous plug experiments 63-6 
used by Linde, 588 
Junker, gas calorimeter, 231 

Kelvin, Lord— 

availability of heat, 116, 117 
absolute scale of temperature, 8, 
65, 122 

friction brake, 33, 65 -6 
melting point of ice, 119 
reversed heat engine, 593 
Kilocalorie, 9 
Kilowatt-hour, 44 
Kinetic— 

energy, 52-3, 63, 107-9, 476 
theory, 69,105-10 

Lagging, 611 

Langen, specific heats from gaseous 
explosions, 305 

Latent heat. See under Heat, latent 
Law— 

adiabatic, 73 
Avogadro’s, 60, 107 
Boyle’s, 58 
Charles’s, 58 

Dalton’s, 39-91, 100, 108 
Joule’s, 62, 108 
of compounds, 193 
of curves, 10 
of expansion, 11 
of fixed proport ions, 193 
of heat conduction, 609 
of thermodynamics, 41, 116 
Length, standard of, 2 
Light-spring indicatoi diagram, 274 


Lignite, 199 

Linde, regenorative cooling, 66, 688 
Linkage, parallel motion, 10 
Liquefaction of gases (Linde), 688-91 
Liquid— 
curve, 187 
fuels, 222-30 

calorific value of, 234 
table of properties, 225 
thermometer, 0 
Losses— 

clearance, 573 
frictional, 50 
inertia, 155 

in impulse stage, 488-90 
mochanical, 30, 46, 48, 49 
Lower calorific value, 221 
Low-pressure cut-off governing, com¬ 
pound engines, 495 
Low-temperature carbonization and 
distillation, 200 
Lubricating oil, viscosity of, 51 

j Machine, refrigerating, 115-17 
Manograph (optical indicator), 20 
Manometer, 3, 191-2 
Marino boiler, draught of, 218 
Maximum efficiency, impulse turbine 
blading, 478- 8*0 

Mean effective pressuro, 14-15, 28-9, 
47 

brake, 33 

effect of fuel-air ratio on, 324 
Moan— 

free path, 105 
indicator diagram, 28 
thermal unit, 381 

volumetric specific heats of gases, 
306 

Measurement— 
frequency, 110 
units of, 2-5 
Mechanical— 
draught, 218 

efficiency, 30-33, 45- 8, 50 
losses, 30, 46, 48-9, 340 
equivalent of heat, 40, 42 
Mercury, properties of, 527 
Methane, 204-5 
Methods of firing, 202 
Methyl alcohol, 204 
Mixture— 

air and water vapour, 100-5, 605 

explosive, 202 

molecular weights of, 91 

partial pressures, 90 

perfect gases, 89-94 

specific heats of, 93 

specific volumes of, 90-1 
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